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ABSTRACT

Top Hole Drilling with Dual Gradient Technology
to Control Shallow Hazards. (August 2006)
Brandee Anastacia Marie Elieff, B.S., Texas A&M Usisity

Chair of Advisory Committee: Dr. Jerome J. Schubert

Currently the “Pump and Dump” method employed byplgsation and
Production (E&P) companies in deepwater is simgienough to control increasingly
dangerous and unpredictable shallow hazards. “Pantp Dump” requires a heavy
dependence on accurate seismic data to avoid shgls zones; the kick detection
methods are slow and unreliable, which resultsmeed for visual kick detection; and it
does not offer dynamic well control methods of ngang shallow hazards such as
methane hydrates, shallow gas and shallow watevsflo These negative aspects of
“Pump and Dump” are in addition to the environméitgact, high drilling fluid (mud)
costs and limited mud options.

Dual gradient technology offers a closed systemc¢hlvimproves drilling simply
because the mud within the system is recycled. arheunt of required mud is reduced,
the variety of acceptable mud types is increasetl dremical additives to the mud
become an option. This closed system also offeosenaccurate and faster kick
detection methods in addition to those that areaaly used in the “Pump and Dump”
method. This closed system has the potential éogmt the formation of hydrates by

adding hydrate inhibitors to the drilling mud. Amdore significantly, this system



successfully controls dissociating methane hydyaiesr pressured shallow gas zones
and shallow water flows.

Dual gradient technology improves deepwater dglloperations by removing
fluid constraints and offering proactive well canitover dissociating hydrates, shallow
water flows and over pressured shallow gas zorteselare several clear advantages for
dual gradient technology: economic, technical agdiscantly improved safety, which

is achieved through superior well control.
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CHAPTER |

INTRODUCTION

In order to meet the world’s increasing demandefoergy, the search for oil and
gas extends into increasingly hostile and challeggenvironments. Among these
problematical environments are the deepwater regminthe world. As technology
progresses the definition of deepwater becomegeagraad greater every day, and as the
water depth increases, the associated technicahoetic and safety complexities
increase proportionately. This has led to a higlmand for new technologies
throughout the oilfield, but with a specific focoes improving drilling technologies.
The industry wide goals are to: increase accegyilib reserves, improve wellbore
integrity, reduce overhead costs and, most imptytarprovide a safe working
environment. Applying a dual gradient technologyoffshore drilling is not a new
concept, but one that is being addressed with mevwof and can help meet all of these

industry goals.

1.1 Dual Gradient Drilling Technology

One of the many challenges faced when drilling dedgr offshore wells is the
decreasing window between formation pore pressamesformation fracture pressures.
“In certain offshore areas with younger sedimentdeposits, the presence of a very

narrow margin between formation pore pressure arattire pressure creates

This thesis follows the style and formatS®E Drilling and Completion.



tremendous drilling challenges with increasing watepths.* This occurrence is
explained as being the result of the lower overeargressures, due to the lower
pressure gradient of seawater, than that which xisrted by typical sand-shale
formations. The resulting situation is that theedurden and fracture pressures in an
offshore well are significantly lower, than thoseam onshore well of a similar depth,
and it is more difficult to maintain over pressadling techniques without fracturing
the formations. Typically, the method for combating this probleastbeen to fortify the
wellbore casing, by increasing the number of castriggs set in the well during drilling
and completions operations. However, this can Xxeemely costly, both from a
materials cost perspective and a time cost pelispectlt has been proven that the
number of casing strings set in a well can be redutthe difference between the pore
pressure and fracture pressure can be managed. befthis has resulted in the
development of new Managed Pressure Drilling (MR&Zhniques. The International
Association of Drilling Contractors (IADC) Underlaaiced Operations Committee
defines MPD as: an adaptive drilling process usegrecisely control the annular
pressure profile throughout the wellbore. The dibjes are to ascertain the downhole
pressure environment limits and to manage the annydraulic pressure profile
accordingly®* One MPD technique that is being pursued for corsiakruse in

deepwater environments is dual gradient drilling.



1.2 Dual Gradient Drilling Advantages

A dual gradient system removes the mud filled risem the typical deepwater
drilling system. In a conventional system the dasisection of the riser is filled with
mud, and below the sea floor the pressure withénathnulus is so high, that to avoid a
pressure in the wellbore that exceeds the formdtacture pressure, it is necessary to

set casing strings more frequently than is techigiemd economically desirable.

When using a dual gradient drilling system therriseemoved from the system
(figuratively and/or literally depending upon thariation of the dual gradient system).
This allows the pressure at the sea floor to betdwalt water pressure gradient is lower
than most drilling fluids’ pressure gradient) thema conventional system, and this
allows the driller to more accurately navigateha pressure window between formation
fracture pressure and formation pore pressure.loAg as there is a safe margin of
approximately 0.5 ppg gradient between the welll@meular pressure gradient and the
fracture pressure gradient it is unnecessary tocasing strings as often as in the
conventional system. An illustration of how theegsures are managed so that annular
pressure remains above pore pressure at drillipghdeut below fracture pressure at

shallower depths in the well, can be seeRiqm 1.
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Fig. 1 - lllustration of Wellbore Pressures in a Dal Gradient System

Managing the pressure window between the formatfi@cture and pore
pressures decreases the number of casing striggsee to maintain wellbore integrity
while drilling. A comparison between conventiondeepwater drilling casing
requirements and dual gradient deepwater drilliaging requirements can be seen in

Fig. 2andFig. 3.
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When drilling conventionally in deepwater conditotine riser is treated as part
of the wellbore and as the water depth increasesptiessures within the wellbore
change as though the depth of the well is incrgaaswell. However, when using the
dual gradient drilling system procedures, the deptlthe water is no longer a factor
affecting wellbore pressure. It's like “taking watout of the way” (from the SubSea
MudLift Drilling Joint Industry Project (SSMLDJIPPhase lll: Final Report through
personal communication). Many benefits are realibyd employing dual gradient

drilling technology in a deepwater environmentfedv of these benefits are:

Fewer required casing strings

Larger production tubing (accommodates higher pctda rates)

Improved well control and reduction of lost cirdida setbacks

Lower costs, as the “water depth capabilities ofalen rigs may be

extended®®"®

1.3 Dual Gradient Drilling History and Evolution

The concept of dual gradient drilling was first smlered in the 1960s. At the
time the idea was to simply remove the riser aedetiore the technology was referred to
as riserless drilling. The technology, howeverswat pursued at the time, as there was

no driving economic or technical need for improviofjshore drilling. As offshore



drilling progressed into deeper water the desireinbprove project development

economics and technical characteristics resurrebtetechnology in the 1990s.

Beginning in 1996, four main projects began in #oreto improve deepwater
drilling technology by implementing dual gradientseems. The four projects were:
Shell Oil Company’s project, the Deep Vision projelaurer Technology’s Hollow

Glass Spheres project and the SubSea MudLift Judtstry Project.

The most extensive study was the SubSea MudLifitJadustry Project (JIP)
that began in 1996 when a group of deepwater mygilsontractors, operators, service
companies and a manufacturer gathered to discagaehts of riserless or dual gradient
drilling. The result was an extensive system despnstruction and field test that
would span five years. The main reason the groap interested in developing this
technology was the promise it held to potentiafigluce the necessary number of casing
strings, specifically in the Gulf of Mexico, whelnggh pore pressures and low formation
strengths require operators to set casing stririgg aluring drilling and completion

operations:®’

The SubSea MudLift JIP was charged with the tasksesigning the hardware
and the necessary procedures to effectively arelysaperate the dual gradient drilling
system. Phase | of the project took place fromteSaper, 1996 to April 1998 and cost
approximately $1.05 million. Phase | was the Cphteal Engineering Phase and the
participants were to create a dual gradient dgliikesign that: was feasible, considered
well control requirements, and was adaptable taargel rig fleet (not just a few

specialized rigs}®’ Phase | is considered to have been very successfulesulted in a



design for drilling extended reach, 12%4” holes Bt i 10,000 ft of water. One of the
most challenging design issues was how to lift tined after it had been circulated

through the wellbore.

Once circulated, through the wellbore, the mud rifirty fluid, is loaded with
free gases, metal shavings, rock chips and othkingrdebris. What kind of pump is
capable of pumping the mud from the sea floor kadke rig floor? The JIP answered
this question in Phase | with the response of dipedisplacement diaphragm pump.
However, no such pump existed that met the JIRSsIsieso it was concluded that the JIP
would have to design and build one. Other conchssibf Phase | were: this technology
is more than feasible, however, well control praged would need to be modified, and
a field test is necessary, specifically in the GafliMexico where the driving need for

this technology is based.

Phase II, or Component Design, Testing, ProcedndeCevelopment, began in
January of 1998 and continued until April of 2000dacost approximately $12.65
million. The purpose of Phase Il was to actualsidn, build and test the subsea
pumping system, create all the drilling operatiamsl well control procedures and to
determine the best methods for incorporating thed duadient drilling technology onto
existing drilling rigs. Phase Il resulted in: aopen reliable seawater-driven diaphragm
pumping system, drilling and well control procedusapable of withstanding potential
equipment failure cases, and an understanding shistem training program was

necessary.



Phase lll, or System Design, Fabrication and Tgstiregan in January of 2000
and was completed in November of 2001 with a bud§&81.2 million. The purpose of
Phase IIl was to validate the design of the teabmothrough an actual field application.
This goal was accomplished and the first dual gratdiest well was spudded on August
24" 2001 and by August &7 2001 the 20" casing had been run and cementen. O
August 29, the JIP SubSea MudLift Drilling system was figatiut to test in the field.
Although there were many problems initially (espdgi with the electrical system),
“Once a problem was identified and repaired, iyasthrepaired.(From the SSMLDJIP
Phase llI: Final Report through personal commuirocat Ultimately ninety percent of
the field test objectives were met and consideretessful. Although still requiring

industry support, dual gradient drilling was proeniable and useful technology.

Another JIP project began in 2000 and culminateth vé successful test
application in 2004. This was the development @&RA Ability Group’s (AGR)
Riserless Mud Recovery System (RMR). The systens wasigned and tested
specifically for the application of drilling thepgdole portion of a wellbore. The desired
results were to increase control over shallow watet gas flows, and to increase the
depth of the surface casing strings by reducingntiraber of dynamically selected seats.
The RMR system was rated to a depth of 450 mefessawater, but was tested in only
330 meters of seawater. The successful fieldtibest place in December of 2004 in the
North Sea? The conclusions of this JIP were that using duatlignt technology for top

hole drilling results in:

* Improved hole stability and reduced washouts
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* Improved control over shallow gas and water flows

* Improved gas detection (due to accurate flow checksimproved mud volume

control)

* Prevention of the accumulation of mud and cuttingssubsea templates and

preventing the dispersion of drilling fluids intoveronmentally sensitive areas
* Reduced number of necessary surface casing strings.

The most current research being done in the duadignt drilling area is a
project through the Offshore Technology Researcht€e(OTRC), a division of the
National Science Foundation (NSF) that is a joiattpership between Texas A&M
University and the University of Texas. The projdee OTRC is pursuing, which is
initially funded by the Minerals Management ServitdMS), is called the “Application
of Dual Gradient Technology to Top Hole Drilling"The purpose of the project is to
begin a JIP that results in the design and test dfial gradient drilling system geared
specifically to drilling the top hole portion ofdhwellbore in a deepwater environment.
Although this has already been done in shallow k#tes OTRC project is to focus on
the application of a Dual Gradient Top Hole Drigisystem (DGTHDS) in deepwater.
The driving factors for this project are the ingiegly hazardous shallow hazards
commonly found in deepwater environments, espgcialthe Gulf of Mexico. These
shallow hazards: over pressured shallow gas zamedlow water flows and methane
hydrates are jeopardizing drilling activities inegvater. It is hypothesized that a

DGTHDS can control these shallow hazards whilelidglin deepwater. The project
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will explore increasing control over these hazardsnvo ways: one is in the increased
well control available from a DGTHDS and the secasdo improve the wellbore
integrity by setting surface casing deeper tharcanventional drilling applications.
Once the shallow hazards are controlled and thelwaiar and surface casing are set
deeper this will also allow for safer drilling dfe intermediate depth portions of the well

and ultimately reduce the number of casing strirsgsd throughout the well.

1.4  Achieving the Dual Gradient Condition

There are different methods used to achieve thé ghaaient condition when
drilling offshore. Basically, a dual gradient ish&eved when there are two different
pressure gradients in the annulus, the volume legtwlee wellbore inner diameter (ID)
and the drill string (DS) outer diameter (OD). Tbendition can be achieved by:
reducing the density of the drilling fluid in a pion of the wellbore or riser, removing
the riser completely and allowing sea water tol®e decond gradient, or managing the
level of the mud within the riser and allowing thecond gradient within the riser to be

that of another fluid*

One method, nitrogen injection, is based on aitliny procedures and
underbalanced drilling techniques. This technigses nitrogen to reduce the weight of
the mud in the risérln an effort to reduce the amount of nitrogen eglito lower the
mud pressure gradient in the riser, a concentserrsystem is considered the most

economical. In this system a casing string isgqdaioside the riser with a rotating BOP
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at the top of the riser (in the moonpool) to cohtine returning flow. The mud is held in
the annulus between the casing string and the asdrnitrogen is injected at the bottom
of the riser into the annulus. Buoyancy causesifnegen to flow up the annulus which
reduces the density and pressure gradient of tileglrfluid as a result of nitrogen’s
liquid holdup properties. The injection of nitragean reduce the weight of a 16.2 ppg
mud to 6.9 ppg. This is can be applied when tloersd gradient is desired to be even
lower than that of seawater, which has a typicaspure gradient of 8.55 ppg. The most
noteworthy characteristic about this method of gigmitrogen injection to create two
gradients is that the formation is not underbaldnes one might initially conclude. The
cased hole is underbalanced to a depth, but belewcasing, in the open hole, the
wellbore is actually overbalanced, which prevenirdiux of fluids from the formation
into the wellbore. One serious concern with thistod of creating a dual density
system is the uncertainty as to whether or not a@titrol and kick recognition will be
more difficult. In this case, the system is vemgnamic and well control and kick

detection are definitely more complex, however, metessarily unsafé.

Another method of creating a dual gradient systenoibegin by drilling the
upper portions of the well without a riser and by@y returning the drilling mud to the
sea floor. In this setup the pressure inside tekbare at the seafloor is the same as the
pressure at the sea floor. In other words thespresgradient from the ocean surface to
the sea floor is that of the seawater pressureiggrad Then, inside the wellbore a
heavier than typical mud is used to maintain prquessures while drilling. Once the

initial spudding has taken place and the structpipé has been set, the subsea BOP
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stack is installed with some variation on a typisgétem. The mud returns are moved,
from the wellhead by a rotating diverter, to a ssbpump which returns the mud to the
rig floor through a 6” ID return line. Drilling edinues with this setup and the

remaining casing strings are set using this duatlignt system where mud returns, to

the rig, through a separate lifidn illustration of this system can be seeffig. 4.

Fig. 4 - lllustration of a Riserless Dual GradientSystent?
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Initially, this method was regarded with skepticisracause of the perceived
difficulty of kick detection. However, with moraeleanced technology, and the ability to
monitor pressure in the subsea BOP accurately, #d&tection and the detection of
circulation loss is reliable and safe. In factsipossible for the riser to act as a trip tank

in this systent?

Another method of creating a dual gradient systensimilar to that of the
nitrogen injection. A Department of Energy (DOHEpjpct was done to test how the
injection of hollow spheres into the mud returnihgough the riser can create a dual
gradient system. This system is similar to theogin injection method, but separating
the gas from the mud at the rig floor is simplifieelcause dissolved gas in the drilling
fluid is not a concern. The glass spheres areraguhfrom the mud and re-injected at

the base of the riseFig. Sillustrates a typical Hollow Glass Sphere Injestgystem.

e —— - BN Shale Shaker

fird Mud Pump
of | Spherss

;  {spheres)

Mud Purng
-TH:.IH:I
- Dl Ship
Dvifgipe ——
Mud & Spleéres —— i

Wellhead - fills
Misd | inie ard BOP :
R kel

Mud

Feck

Fig. 5 - Illustration of a Hollow Sphere Injection Dual Gradient Systent?
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1.5 A Typical Dual Gradient System and Components

The most commonly researched and pursued methachadving a dual gradient
system is the riserless system, described in Chagfie4) and shown in Fig. 4. This
system pumps the drilling mud through the drillrgjr out the drill bit nozzles, into the
open hole, up the annulus, into the BOP stackutiitrdhe rotating head, into the subsea
mud pump, and up the 6” return line to the rig flo@he mud is then cleaned at the rig

floor and recycled back to the drill string to becalated again.

The main components in this system that are unigube dual gradient system
are: the drill string valve, the rotating head, fudsea mud pump, and the mud return

line.

Once the drilling mud flows up the annulus to tf@MBit must be diverted so that
it can be pumped up the return line. In the SubBedlLift Drilling JIP this was
accomplished through a rotating head referred tb@SubSea Rotating Diverter (SRD).
This SRD is capable of handling/$ 5%" and 5" drill pipe and has a retrievable
rotating seal rated to 500 psi. Although, typigathe pressure difference across this
seal is less that 50 psi. Once the mud is divemdetthe SubSea Mud Pump the main
concern is handling of solids. This was addresbedugh the addition of a SubSea
Rock Crusher Assembly. Basically, as the returmmgl passes through this assembly
any rock chips are crushed between two rotatingrgshwith teeth. A photo of this rock

crusher assembly can be seefim 6.



16

2/2/2000 15:20

Fig. 6 - SubSea Rock Crushing Assembly Used in SutesMudLift JIP'

Once the cuttings are crushed and processed thringglinit they have been
reduced to small pieces. The crushed cuttingsvamtl are then passed through into the
SubSea MudLift Pump. The requirements that the pus subject to are very
demanding. The pump must be able to pump up ted@¥me of mud cuttings, produce
a flow rate between 10 and 1,800 gallons per mjrafierate to a maximum pressure of
6,600 psi, within a temperature range between 28180 °F, and finally be able to
pump 100% gas when the need arises to circulatasakigk out of the well. As
mentioned earlier in Chapter | (1.3) the necessasult is a positive displacement
diaphragm pump that is hydraulically powered bywsdar. The seawater providing

hydraulic power is pumped from the rig floor usiognventional surface mud pumps
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down an auxiliary line to the mud pump. Hg. 7 you can see a cross section

illustration of the mechanisms at work within thigphragm pump.

L Power Fluid

Stroke Indicator Inlet Piping

Elastomeric
Diaphragm

Fig. 7 - lllustration of a Cross Section of a Diapragm Positive Displacement Pump

This pump also acts as a check valve by preverthiaghydrostatic pressure of
the drilling fluid within the return line from imgéng on the pressure within the
wellbore. This pump is normally run in an autoroatiode, which means it is set to run
at a constant inlet pressure, and the pump rattismatically altered to maintain a
constant inlet pump pressure. This allows thdedrib change the surface mud pumping
rates as if the system were conventidfid@uring well control procedures the pump can

be switched from a constant inlet pressure mode ¢tonstant pump rate mode in the
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advent that a kick enters the well and annulusspiresneeds to be increased to maintain

a desirable annulus/pore pressure balance.

The last main component of the riserless dual gradirilling system is the Drill
String Valve (DSV). The DSV was developed to cohthe U-tube effect, which is
often encountered in drilling and completion opersd. The U-tube effect is cause
when the total hydrostatic pressure (HSP) of thiel fin the DS is different than the total
HSP of the fluid in the annulus. In response toe fwill flow through the drill bit
nozzles from the region (DS/annulus) with the higH&P to the region with the lower
HSP. In conventional operations the U-tube eftedy occurs occasionally and most
commonly during cementing. However, in riserlesaldgradient drilling, the U-tube
effect is always a factor, as the HSP of the floithe DS is often more than the HSP of
the fluid in the wellbore annulus plus the HSPhatseafloor. The concern is, when mud
circulation is stopped to make or break a drillgogonnection, the mud within the drill
string will drain into the wellbore and up the alusu The DSV assembly is placed
inline with the drill string, and when mud circutat is stopped the DSV is closed to
prevent the free fall of drilling fluid within thdrill string (from the SSMLDJIP Phase
lll: Final Report through personal communicationfn illustration of the system with

the DSV assembly in place can be seéehign 8.
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Fig. 8 - lllustration of Dual Gradient System w/ Diill String Valve'

1.6 Dual Gradient Operations versus Conventional Ogrations

There are several aspects of dual gradient drilvag are different from that of
conventional drilling operations. Regarding gehehdling operations a smaller rig
may be used for applying dual gradient technoldmntwhat would be conventionally
used. There are a couple of reasons for this:i®ne order to support a 21" riser
(common size used in conventional drilling) themgst be large enough to support the
weight of the riser. In a riserless dual gradidniting system the weight hanging from
the rig is reduced to that of the drill string, tineid return line and the umbilical control

lines. Also contributing to the large rig sizecassary for conventional drilling, are the
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deck space limitations that are caused by the s@égesf having large drilling fluid
volumes on hand. In a conventional drilling syst&harge volume of mud is necessary
in order to fill the riser. Also a problem, isatra high volume of mud is lost during the
“Pump and Dump” method for drilling the tophole pon of the wellbore. In a
DGTHDS only the drill string must be filled with rdwand the mud is returned to the rig
floor where it is cleaned and recycled. This reduthe necessary deck space and the
costs associated with supplying the necessary nRetlucing the weight rating of the

rig and the necessary deck space allows for thefusesmaller rig.

Another difference between a conventional drillsygtem and a dual gradient
drilling system is that removing the riser leavesydhe drill string to be affected by the
forces exerted by the ocean currents. Since tlaenater of the drill string is
considerably smaller than that of a 21" riser, itimpact these forces have on drilling

operations is reduced.

Perhaps the most time and cost saving benefirdsalts from the application of
dual gradient drilling, over conventional drilling how the necessary number of casing
strings is reduced. This does two things, firgd #illows for the final tubing size to be
larger, which increases production flow rates, sedond the amount of time necessary

to drill a deepwater well is reduced, becausetiessis spent on completions.

From a safety perspective the main differences éetvdual gradient drilling and
a conventional drilling system are the well conppadcedures. Basically, a dual gradient

system, as a managed pressure drilling technigueroves well control. A Modified
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Driller's Method employed by riserless dual gradidnilling is described in Chapter |,

Section 1.7.

The similarity between the two systems is that th#ling program is not
significantly altered. Trips and connections aemdied in the same manner and the

basic acts of drilling, such as bit selection asdeyal rig procedures, are not alteted.

1.7 Dual Gradient Systems’ Well Control Procedures

Well control is not simply something that must bgiemented in the eventuality
of a kick. Proper well control must be considethtbughout all phases of drilling
operations. This means from the initial plannitigpugh the well completion and into
the abandonment stages. The basic purpose of rprepk control is to prevent
blowouts, and create a quality wellbore. This estbaccomplished through proper
prediction of formation pore and fracture pressutbe design and use of the proper
equipment (BOP, kick detection devices and casamg) proper kick detection and kill

procedure$™*

Taking a kick while drilling is common and must peepared for. Quick kick
detection and proper well control response is irmfpez. Kicks may be detected through
several different observations and the driller mhet aware of all inconsistencies
experienced while drilling. The most common methofikick detections are: a drilling
break, a flow increase, a mud pit gain, a decraaseirculating pressure that is

accompanied by an increase in pump speed withisdhiace pumps, well flows when
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the surface pumps are off, an increase in rotayuty drag and fill and an increase in

drill string weight.

These kick detection techniques are just as apécaf not more so, in dual
gradient drilling as in conventional drilling. Theajor difference between dual gradient
drilling and conventional drilling is the U-tubefedt. The U-tube effect occurs when
drilling mud circulation through the drill stringp the annulus and through the subsea
mud pump is stopped. The U-tube effect causessyiseem to try and equalize the
pressure difference between the hydrostatic pressithin the drill string and the
hydrostatic pressure in the annulus by drainingdti#ing fluid contained within the
drill string, through the drill bit nozzles, intbeé annulus. Again, this occurs any time
the HSP of the fluid in the DS is different thae tHSP of the fluid in the annulus. The
solution to the U-tube effect is simply a drillisty valve (DSV), which is described in
Chapter I, Section 1.5. There is however, a benefihe U-tube effect that occurs in
dual gradient drilling. This effect allows for lew circulating pressures by the rig
pumps and makes small changes in pressures eagsletect. These pressure changes

often serve as excellent kick detectors.

Another method of kick detection involves the indatd outlet pressure of the
subsea mud pump. When a kick enters the wellb@eannular flow rate of the drilling
fluid increases by an amount that is equal to dh#te kick influx rate. Generally, while
drilling, the subsea mud pumps are set to openadeconstant inlet pressure mode. This
means, if the rate of flow increases due to a kifkix the pumping rate of the subsea

mud pumps will automatically increase as well, @imain a constant subsea pump inlet
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pressure. This is an excellent indicator to théledrthat a kick is occurring and the

driller can then take the measures necessary patstokick influx into the annulus.

Approximately half of all kicks occur while trippinthe drill pipe into or out of
the hole. The best method, which is also the esdrliof determining a kick has taken
place is to measure the volume of mud requiredllttheé hole after removing some of
the pipe. This is usually done every five staniddrdl pipe. If the mud required to fill
the hole is less than the volume of the drill pygenoved, a kick has entered the
wellbore. This is a kick detection employed by wemtional drilling practices. In dual
gradient drilling this kick detection procedure mbg considered for use both with a
DSV and without a DSV. When operating without aVD&h accurate determination of
the amount of mud necessary to fill the wellbor@as possible until after the U-tube
effect has ceased. When operating with a DSVyvtiieme of mud to fill the hole is
equal to the volume of a cylinder with a diametguad to the OD of the pipe removed.
The only major change from conventional operatimshat more frequent hole fill

intervals are necessary and if possible continfidud the hole is even more desirable.

As soon as a kick is detected it is necessaryki® tfae necessary actions to stop
the influx, so that excessive casing pressuredeavoided. Excessive casing pressures
can result in lost circulation, formation fractugirand the worst case scenario of a
surface blowout. When a kick is initially detectesually the response is to shut-in the
well by closing the BOP stack. When shutting irda@al gradient drilling system
immediate shut-in should not be performed unleB$¥ is in place. The DSV must be

closed before shut-in to ensure that the hydrastagssure of the mud within the drill
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string does not cause formation fracturing. Ifréhis no DSV in place it is necessary to
allow the U-tube effect to take place and thenhotsn the well by closing the BOP.
When the U-tube effect is taking place it is difficto prevent any additional influx from
entering the wellbore. This is why it is recommetido employ the use of a DSV in all
dual gradient drilling operations. A DSV allows nmadiate shut-in of the well and
killing procedures can then commence in a manneemimilar to that of conventional
drilling. However, the following procedures shoblel adhered to when the driller is not
employing a complete shut-in scenario, i.e. no D&Y **This is known as a modified

Driller’'s Method, and is considered the most effectand common in a dual gradient

system.

1 Slow the subsea pumps to the pre-kick rate (mairttee rig pumps at constant
drilling rate).

2 Allow the drillpipe pressure to stabilize, and retahis pressure and the

circulating rate.

3 Continue circulating at the drillpipe pressure aatk recorded in step 2 until

kick fluids are circulated from the wellbore.

4 The constant drillpipe pressure is maintained Gusdohg the subsea pump inlet
pressure in a manner similar to adjusting the gapnessure with the adjustable

choke on a conventional Kill procedure.
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5 After the kick fluids are circulated from the wedlle, a kill fluid of higher
density is circulated around to increase the hydtmspressure imposed on the
bottom hole.

Other methods such as the Wait and Weight Metholdttaa Volumetric Method
are applicable to a riserless dual gradient systelowever, these methods both require
the use of a DSV. Although the DSV is applicablghwthe Driller's method it is
unnecessary and it is always good to ensure tlogteprwell control relys on as few of

pieces of equipment as possible.

1.8 Dual Gradient Drilling Challenges

The main challenges that are associated with dwaalignt drilling are basically
those that are associated with all new technologidge technology has been designed,
developed and successfully field tested. The kmy is to streamline the equipment and
procedures to ensure that dual gradient technakggamlessly the next step forward in

deepwater drilling.

In the field test of the SubSea MudLift DrillingRJthe main delay while drilling
the test hole was equipment commissioning problefite technology successfully
functioned the way it was designed but had eladtand commissioning delays. Once
these “kinks” were worked out of the system thd tede was drilled with minimal

delays (from the SSMLDJIP Phase lllI: Final Repbrotigh personal communication).
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In order for the industry to embrace a new techgwleuch as dual gradient
drilling, the “kinks” must be all worked out andethnew technology must offer

substantial benefits over conventional technolagies

An interesting point is that a dual gradient systeith need to be somewhat
customized depending on: water depth, temperataipese and below the mud line,
formation pressures, ocean conditions and a nuwfb@her conditions. However, even
in conventional technology, no two wells are ewdliedi with the exact same equipment
or procedures. The difference is that personnel familiar with how to alter
conventional technology to fit with the currentliing environment. In order for
personnel to become as familiar with dual gradigathnology as conventional
technology, training is a necessity (from the SSMIPDPhase Ill: Final Report through

personal communication).

Eventually, dual gradient technology will becomeaaventional technology and
be one of the many tools in a driller’s toolboxheTremaining obstacles are equipment

commissioning, personnel training and overcomirigainndustry resistance.
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CHAPTER Il

SHALLOW HAZARDS

The category of shallow hazards includes three nsaincategories: methane
hydrates, shallow gas zones and shallow water flowlsese hazards can be found in
deepwater environments and generally between thitimeuand approximately 5,000 ft
below the mudline. Each of these hazards creditfegient problem for exploration and
production (E&P) companies, which are pursuing anld gas fields in deepwater.
Shallow hazards may appear to cause problems amipngd drilling and completion
operations, but in reality can have long term raratfons that affect production long
into the life of the field. Shallow hazards compise: the safety of operations, well

control, wellbore integrity and reservoir accedgipi

2.1 Methane Hydrates

Hydrates are natural gases, typically methane ateatrapped within ice crystals.
Since most of the hydrates that are found are metlgas, this shallow hazard is
commonly referred to as methane hydrates. Methgdeates form in low temperature,
high pressure zones where water and methane asenpréogether. Above 68 °F
methane hydrates cannot exist, however below 68n&thane hydrates can exist

depending on the pressure within the zone. Tylyicakthane hydrates are found along
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the sea floor and in isolated pockets below the tmel until the geothermal gradient
causes the formation temperature to increase ad®w€. Methane hydrates can cause
problems in two ways: by forming within equipmemthly dissociating during drilling

operations.

2.1.1 Formation of Hydrates Within Drilling Equipment

The most common way methane hydrates impact olindribperations is when
hydrates form within the drilling system. Partady critical is if they form in the
Blowout Preventer (BOP) stack or in the choke ailldikes. These hydrates can block
the lines and BOP and prevent the BOP from funatgpproperly (closing in the case of
an emergency). It is necessary, for the safethetrilling and completions crew, that a
system be in place that can prevent the formatibrhyalrates within equipment.
Chemicals known as hydrate inhibitors can be adddte drilling fluid to prevent the
formation of hydrates within the equipment, butanconventional top hole drilling
system, these chemicals are not an option, becatisenvironmental restrictions.
However, if a closed system is used and the dyilfinid is returned to the rig floor,

hydrate inhibitors can be added to the drillingdlu
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2.1.2 Dissociation of Hydrates into the Wellbore Dung Drilling Operations

The second way hydrates can compromise the safetyperations is less
common, but equally dangerous. When hydratesyarg bn the sea floor or within the
formation, the gas is trapped within the ice. By through these hydrates breaks the
ice crystals imprisoning the gas and allows thetgalissociate from the ice and into the
wellbore. This dissociating gas acts like a shallgas kick and the driller is
immediately faced with the complication of handliggs within the annulus. If the gas
is not controlled and the pressures within the ol annulus are not stabilized more
reservoir fluid (gas/oil/water) may enter the weld and further complicate well control

procedures.

2.2 Shallow Gas Flows

Shallow gas flows are another common shallow hazérds even hypothesized
that shallow gas flows are a result of methane dtgdrthat have been buried within the
formation, and as the formation temperature in@gedke gas is released from the ice
crystals and trapped within the formation. Shallpas zones are often over pressured
and pose a serious well control risk. Once a gels énters the wellbore the annulus
pressure begins to decrease, which allows mordogaster the wellbore. If the driller
does not apply a well control method to increasaubar pressure, prevent further influx
and circulate the gas kick safely out of hole, slisais events such as surface and

underground blowouts can be the result. Not oaly llowouts destroy the rig, but they
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can also result in the loss of life. One partidyl@atastrophic event was the explosion
of the Piper Alpha rig in the North Sea in 1988 he remnants of this disaster can be
seen inFig. 9. Events such as this are completely unacceptamieany method of

preventing such an event needs to be designeddtestd implemented as a high

priority.

Fig. 9 - The Piper Alpha Platform: North Sea — 16Died in Explosion and Fire®

2.3 Shallow Water Flows

The third main shallow hazard is shallow water $owShallow water flows do

not generally pose a safety threat to the rig ardgnnel, but the conventional method
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of dealing with shallow water flows is not condueito high quality casing seats, and
this can threaten the well’s safety. In converdlaop hole drilling, these water zones
are often allowed to produce, and can cause erasidhe formation and ultimately
compromise the integrity of the surface casing.ertually the casing can collapse and
the entire wellbore may be destroyed. This is i ¥ene consuming and expensive
problem that has been experienced by operatorseirpast. A particularly expensive
and complicated example of this situation was erpeed by the Shell Deepwater
Development, Inc. Company in the Ursa field, lodate the Mississippi Canyon Block
854 in the Gulf of Mexico. The field was discoweiia 1990, and the first well, MC 854
#1 was plugged and abandoned after setting 20asair€asing as a result of buckling
casing. Well MC 854 #2 was successfully drilledTid, but was also plugged and
abandoned due to severe shallow casing wear thalted from the buckling of casing
across shallow sand5. An illustration of how the production of theseabw water

zones can cause erosion behind casing seats caebaétig. 10
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Fig. 10 - Formation Erosion Behind Casing Resultingfrom Shallow Water Flows
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CHAPTER Il

CONTROLLING SHALLOW HAZARDS WITH DUAL GRADIENT

TECHNOLOGY

Shallow hazards are a problem and controlling tisbs#iow hazards has become
a priority for E&P companies operating in deepwasvironments. That is why it is
surprising to find the conventional method of dndj the top hole portion of the
wellbore, “Pump and Dump”, is still used as theusity standard. “Pump and Dump”
is lacking in many ways and dual gradient technglogn easily control shallow hazards
with acceptable modifications to current drillingdacompletions equipment, drilling

procedures and well control procedures.

3.1 Conventional Technology: “Pump and Dump” Metha Description

The current “Pump and Dump” method used to driél tbp hole portion of the
wellbore in deepwater, is fairly basic. The mugusnped down the drill string, into the
wellbore up the annulus and onto the seafloor.r&leeno BOP stack in place and there
is no drilling fluid return to the rig floor. Th&#ump and Dump” method can cause
several problems. These problems include, bunhatdimited to: limited well control,

increased number of shallow casing strings, podibee integrity, increased initial
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hole size (requiring larger rigs), loss of mud dnuhlly a negative environmental

impact, which limits acceptable types of drilligifls that meet regulations.

The “Pump and Dump” method offers few methods oklkdetection and limited
well control methods when a kick does occur. Beeahe mud is not returned to the rig
floor there is limited down hole pressure inforratiavailable to the driller and often
the driller relies on visual kick detection methasdetermine when an influx has
entered the wellbore. In an effort to avoid shalltazards like hydrates and shallow gas
zones, seismic data is carefully analyzed anduhace location of the rig ma be moved
to avoid these zones. This can result in longeasueed depth (MD) direction wells. In
the eventuality that these zones can not be avdidedriller has no proactive well
control methods in their “tool box”. In the cadesballow water flows, these zones are
generally allowed to produce until the formatioegsure is reduced. Unfortunately, by

the time this happens erosion of the formationdfeen already occurred.

Dealing with these shallow hazards can increasentimber of shallow casing
strings, when compared to drilling in normally mesed zones. To ensure that the
drilling fluid can be heavy enough to maintain oleatanced drilling, even when drilling
through over pressured shallow gas zones, casigg Imeuset often to prevent shallower
parts of the wellbore from fracturing and causiost Icirculation. Lost circulation can

result is stuck pipe or worse, an underground bidwo

Poor wellbore quality is also often the result Bufnp and Dump”. The “Pump
and Dump” method limits the use of specialty drdlifluids that lift cutting out of the

hole at lower circulation rates. This means, ideorto lift the cutting with a less
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specialized mud, the circulation rate is increasedhis increased drilling fluid
circulation rate can cause wellbore erosion, ardwellbore often becomes jaggedly

shaped, which makes a high quality cement job beadifficult to implement.

Aside from the technical, safety and economicahdisntages to “Pump and
Dump” method, there is the obvious environmentabant, not to mention how the
continuous loss of drilling fluid can become a hagist constraint to the development of
a field. The environmental restrictions placedtloa types of acceptable drilling fluids
can prevent the driller from using the optimal dluor the formation type and also
prevents the addition of chemicals that preventleras such as the formation of
hydrates within equipment. The “Pump and Dump”huodtis not really a method at all.
It is simply the standard rut that the industry Haken into. It is obvious, upon
reviewing the disadvantages and lack of advantates,a new method of top hole
drilling is imperative.

Applying dual gradient drilling technology to dnilg the top hole portion of the
wellbore is likely to eliminate the majority, if hall, of these associated probleffis.
Possibly the most important reason that dual gradexhnology would be beneficial in
top hole drilling is the control over shallow hadsyrthe improved well control and the

improved safety.
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3.2 Riserless Dual Gradient Drilling Technology Desiption

Understanding the DGTHDS does not require a sigpnifi stretch of the
imagination. The flow of the drilling fluid doe®nvary greatly from conventional riser
drilling. It is, however, different than the “Purapd Dump” method. The drilling fluid
is pumped down the drill string, where it enters wellbore and flows back through the
wellbore annulus to the rotating diverter. Theatioig diverter transfers the returning
mud to the subsea mud pump. This subsea mud pwhgn in typical drilling mode
operations, is set to operate at a constant subletgressure. This means the pumping
rate is automatically altered to maintain constamtnp inlet pressure. This changes
during well control procedures, which is discusgedhapter Ill (3.2.2). The mud is
then pumped up a 6” return line to the rig floohere it is recycled and pumped back
down the drill string. The other main line fronethig to subsea pump is the seawater
supply line that supplies hydraulic power to thaptiragm subsea pump. There are
inherent benefits to this system over “Pump and puymsimply because the DGTHDS
is a closed system. The amount of required muddaced because the drilling fluid is
recycled and reused. Seafloor pollution is reduegedl because there is no
environmental impact, the number of drilling flujgpe meeting regulation increase. It
has been proven that selecting the proper driflung can significantly improve drilling
operations. Also important is, how the closed aystallows for the admission of
backpressure to increase the wellbore annulus ymeessThis allows the driller to
maintain the proper wellbore annulus pressure Wwehvier mud at lower circulation

rates. This prevents the wellbore erosion th@obimmonly associated with the “Pump
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and Dump” method. This additional pressure conéigb improves kick detection,
offers proactive well control methods and ultimpteéduces the number of required

shallow casing strings.

3.2.1 Kick Detection

The DGTHDS offers more accurate and faster kicka&n methods in addition
to those that are already utilized during the “Pwemd Dump” method. As, discussed
earlier, in standard drilling mode the subsea pumpperated at a constant inlet
pressure. When a kick enters the wellbore the pimhep pressure increases. In order to
maintain a constant inlet pressure, the subsea pasgonds by increasing its pumping
rate to compensate for the additional inlet pressueated by the influx. This increase
in pump rate is the first kick indicator. As thébsea pump increases its pumping rate,
the subsea pump’s outlet pressure increases amelvidis in the mud pit increase. These
are the second and third kick indicators. Finaltyyesponse to the pressure changes
within the wellbore the surface pump pressure @gemaeg, the fourth kick indicator.
When a kick is detected the system uses a modifi¢dér's method to prevent further

influx and circulate the kick safely out of hole.
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3.2.2 Well Control “Modified Driller's Method”

As soon as the system detects a kick, the subsep pureturned to the pre-kick
rate and a constant pumping rate mode is maintawach is equal to the surface
pumping rate. This creates back pressure on tigsflvithin the wellbore annulus and
increases bottomhole pressure until it is balaneéd formation pore pressure, and
further influx is prevented. It is important tacoed the stabilized drillpipe pressure and
the pumping rate. Circulation of the fluids isnheontinued and the recorded drillpipe
pressure is maintained at balance by changinguhses pump rate. (This is similar to
an adjustable choke in a conventional kill proceduiCirculation is continued until kick
fluids are removed from the wellbore. Once théHKiaids have been removed from the
wellbore a kill weight mud is circulated to increasie hydrostatic pressure imposed on
the bottomhole and drilling can resume. A graphiepresentation of this method can

be seen irfrig. 11
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Fig. 11 - Graphical Depiction of Modified Driller's Method"?

It is visible in Fig. 11, that the subsea pump rateeases, to maintain a constant
inlet pressure, as the influx enters the wellbor. the same time the surface pump
outlet pressure decreases. Once the kick is @eteahd well control procedures
commence you can see the rate of the subsea puuomp te the pre-kick rate which is
equal to that of the surface pump. It can alssden how this causes the subsea pump

inlet pressure and surface pump outlet pressuresitease.
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3.3 Dual Gradient Controlling Methane Hydrates

As described earlier, methane hydrates impact dimdroperations by forming
within the equipment and by dissociating within thellbore annulus. Dual gradient
technology applied to top hole drilling controlstoof these problems caused by

methane hydrates.

3.3.1 Preventing Hydrate Formation

The introduction of a closed system allows for cluas, such as hydrate
inhibitors to be added to the drilling fluid. Tleebydrate inhibitors have been proven
very successful at preventing the formation of hyels in drilling and production

equipment.

3.3.2 Controlling Dissociating Hydrates

In the case of drilling through dissociating hyésta significant well control
problem, dual gradient technology offers the adwgetof fast kick detection. When
methane hydrates dissociate into the wellboredtred gradient drilling systems reacts
the same was as if a gas influx has entered thbavel The subsea pump inlet pressure
will increase and the subsea pump rate will autarally increase to compensate. Then
the pit gain warning and increased subsea pumpetoatid decreased surface pump

outlet pressures will alert the driller to emploglixcontrol methods. The subsea mud
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return system supplies the driller with back presstontrol over the formation that
prevents the dissociating methane hydrates fromsieguother influxes. The
dissociating methane hydrates can be proactivalysafely circulated from the wellbore

and drilling can resume quickly.

3.4 Dual Gradient Controlling Shallow Gas Flows

A DGTHDS controls shallow gas flows the same wagahtrols dissociating
methane hydrates: through effective kick detectiod proactive well control methods.
Again the gas influx into the wellbore is quickletdcted and the modified driller’'s
method quickly circulates the kick from the wellbaand prevents further influx. The
drilling fluid weight is adjusted for the new forii@n pore pressure and drilling

continues without the need to set, dynamicallyctel casing seats.

3.5 Dual Gradient Controlling Shallow Water Flows

Shallow water flows are easier to control that raethhydrate dissolution or gas
kicks. Controlling these shallow water flows wvallow the driller to prevent the erosion
of the formation and ultimately ensure that therafm will have a wellbore of high

quality, because the casing seats are securelyntech® the formatiof®
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3.6 Dual Gradient Drilling Controlling Shallow Hazards Summary

This is a new technology that is still in the resbaand development stage, but it
has all the signs of significantly benefiting th#sbore drilling industry and to be
adopted as a conventional technology. The techarwhsafety benefits associated with
this new technology far outweigh the inherent indusesistance to the implementation
of a new technology. The benefits that the ingqusttands to gain from the

implementation of a DGTHDS vary from financial @fety to environmentaf
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CHAPTER IV

TOP HOLE DUAL GRADIENT DRILLING SIMULATION

4.1 Riserless Drilling Simulator

The Riserless Drilling Simulator used, was origyaireated, as part of Dr.
Jonggeun Choe’s Ph.D. dissertation at Texas A&Mversity. The simulator was later
adapted for use in the SSMLDJIP. A screen shah@fopening page to the simulator

can be seen iRig. 12

Conoco & Hydril MRD JIP

ﬂ — ]
T et =1
JEe == \\

Developed by Dr. Jonggeun Choe and Or. Hans C. Juvkam-¥ald, Petroleurn Engineering
Deparment Texas A&k University. College Station. Texas
Unauthorized modification or distribution of this prograrm for the purpose of profit ar
seltpromotion is expressly prohibited.

@ 1597 Texas Engineering Experiment Station: Navember 30. 1957 version

Fig. 12 - Riserless Drilling Simulator Introduction Page
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This simulator was used, with the express permmssfdDr. Jonggeun Choe and

Dr. Hans C. Juvkam-Wold, exclusively for the pumaé researching the application of

dual gradient technology to top hole drilling.

4.2 Simulation Parameters

After opening the simulator, the main menu is pnése and several options are

available. The first step is to change the inpatadrom the default options, or open

previously saved input data if re-running a presisimulation. The main menu can be

seen below irfFig. 13

B3 Main Menu: Default Data are in Use
File Show Help

Open Input Data

Save Input Data
Save Input Data As
Print Input Data

01:27:09 AM
Monday. April 03,

Riserless Drilling Analysis

Kick Simulation 2006

Wty

See Graphs

Print Results

Save Results as a File

Exit the Program

Fig. 13 - Main Menu of Riserless Drilling Simulator
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Once the user has entered the necessary inputhagaggs kick simulation can be
run by clicking the “Kick Simulation” button on thdain Menu screenFig. 14, 15, 16,
17, 18and 19 show the input data screens and the informatiquired to properly run a

kick simulation. The input data types are discddsgow with each figure.

| 3 Control Data

Help Main Menu Mext Print Screen

Control Data

Fig. 14 - Simulator Control Data Input Screen

Fig. 14 shows the basic control data that needti® tentered for each simulation.
The well control method used in all simulation russhe “Modified Driller's Method”

described previously in Chapter Ill. In the ca$ahis simulation, the use of a Dirill
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String Valve (DSV) is not necessary when the “MmdifDriller's Method” is the choice

of well control methods. During the “Modified Dal’'s Method” the well is never shut-
in, so the U-tube effect does not impact on openati Since the U-tube effect is not
applicable, the use of DSV is unnecessary. Theofethe data options selected in Fig.

14 remained constant throughout all simulation runs

||3 Fluid Properties and Bit Nozzle Data

Main Menu GoBack Previous Mext Print Screen

rFluid Data

Input

Flastic Wiscosity, cp
Yield Stress, Ibff100 sq ft
Old bud Weight, ppg
2100 Critical Feynalds Number

B Gas Specific Grawity (air=1.0)
Maole Fraction of CO2 in Gas Kick
tdole Fraction of H2S in Gas Kick
Surface Temperature, 'F

Mud Temperature Gradient, 'F100 ft
Water Temperature Gradient, 'F/100 ft

) B ~] [=]=
=] ol =1 Sl ==
w

rBit Nozzle Diameter, inf32nd

o

| e [e | [0 |

Fig. 15 - Simulator Fluid Data Input Screen

Fig. 15 shows the fluid data input screen. The olalta, in this input screen, that
was not held constant through all simulation rueseathe Old Mud Weight, the Plastic

Viscosity and the Yield Stress of the Mud. Theaeameters varied based on the pore
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pressures encountered at drilling depth. The miffemud properties will be discussed
in Chapter IV. The gas specific gravity, surfaemperature, temperature gradients and

bit nozzle sizes remained constant through all Etian runs.

|Ei Well Geometry and Subsea Pump Data

MainMenu GoBack Previous Next PrintScreen  Show Wellbore

rReturn Line & Control Lines Data

_ El MNurnber & 1D of main return lineg ininch.

rWell Geometry Data

Inside Drillstring Annulus except Return Line

ﬂ ﬂ ﬂ 4 d E D Mumehbr & ID of 2nd return ling in inch
ID.inch.  Length, ft OO0, inch. 1D, inch.  Length, ft Measured lenth of return line from subsea
[4276 ] [4100 [ EE |[5 | [1100 | pump ta surface, f _
|3 | |4DD | |29 | |5.5 | |4DD | Yertical depth of return line, ft
[3 | [200 | [Tzzs |[55 ][00 |
[325 | [300 | [zz5 |[s | [300 |

[+ ] IDofChokelines.inch

ID af Kil lines, inch.

~Water Data and Others
Sea water density, ppg
Water depth, ft

Amount of subsea purmp inlet pressure -
seawater hydrostatic pressure, psi

noa

Geometry data should be in sequence from TOP to BEOTTOM

AL

4500 Depth of last casing fram sea level, ft

Fig. 16 - Simulator Well Geometry Data, Return Lineand Control Lines Data and
Water Data and Other Input Screen

Fig. 16 shows the well geometry data as well asr¢fiern line and water data.
The use of one 6” main return line remained consté@tso remaining constant was the
sea water density of 8.6 ppg and the 5 psi amolstilzsea pump inlet pressure — sea
water hydrostatic pressure. In each simulationthenwell geometry was modified, as
well as the length of the return line, the deptlhef last casing point and the depth from

the rig to the seafloor. After entering the wetognetry data, the simulator produces a
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visual representation of the wellbore so the usay mouble check for any possible
mistakes. An example of this visual representatibthe wellbore can be seen in Fig.

17.

B MRD Wellbore Sc...
—

m

Fig. 17 - lllustration of Entered Wellbore GeometryData

Other data that is modified, for each simulation, ris the kick data and the pore
and fracture pressures, shown in Fig. 18. The #atfla is manipulated by changing the
amount of formation over pressure, which resulta kick intensity that is calculated in
ppg. The pit gain warning level can be changedheit gain kick indicator is more or

less sensitive. Last on this input screen, thes @ord fracture pressures are entered



49

manually based on sea water depth. The pressseesvaried based on water depth, but
are analogous to a field found in the deepwataobregf the Gulf of Mexico. This field
actually possesses a pore/fracture pressure witiggiws abnormally small. The reason
for using this window was to determine if this gmst(dual gradient top hole drilling) is
capable of handling an extreme field environmefithe Pore and Fracture Pressure

Regimes (P&F PR) can be seen in Appendix B.

||3 Kick and Formation Property Data

MainMenu GoBack Previous Mext PrintScreen  Show

rKick Data rPore & Fracture Pressures
() John Barker's Method
Amount of Formation Over Pressure, '5 Method
psi t
B p el R PoreP.psi  Fracture P,
psi
Kick Intensity for Riserless Drilling, | |14Sﬁ | |14Sﬁ | j
ppz : | [1734 | [1333 |
Calculated Kill Mud Weight, ppg | |EEIE|3 | |2335 |
52 Eequired Increase in Drill Pipe Pressure — — -
at Normal Circulation Rate, psi Bl | 2E | |"S 15 |
2635 | [s12 | [3412 |
[3364 | [3404 | [059 |
rFormation Properties —— [055 | [2008 | [ |
5 Permeability, md [760 | [ss40 | [5400 |
Porosity, fraction [5478 | [5310 | [s103 |
Skin Factor (8), dimensionless 213 | [so14 | [s307 |
Rate of Penetration (ROP), ft'hr ~|

Fig. 18 - Simulator Kick Data, Formation Propertiesand Pore and Fracture
Pressures Input Screen

The final input screen that must be entered igptirap data, surface choke valve
data and the types of surface conditions. Thisestcan be seen in Fig. 19 and the data

shown in this figure remained constant throughdwgimulation runs.
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|f3 Pump Data and Other Information

Main Menu GoBack Previous Mext Print Screen

-Pump Data
02 Pump rate per stroke, bbls

Kill Circulation Rafe
Flow Rate, gpm

Circulation Rate ‘hile Drilling
Flow Rate, gpm

/st

~Surdace Choke Valve

Equivalent ID of Choke Valve, inch

N T

ol

Fig. 19 - Simulator Pump Data, Surface Choke Valvand Type of Surface

|

Type of Surface Connections

m

Connections Input Screen

Two sets of simulation runs were performed in orttedetermine the well

control limits of this Dual Gradient Top Hole Dnilg System (DGTHDS). The first set
was designed simply to understand the limits of #yistem. The second was designed
to test the limits of this system specifically ifield with a similar pore/fracture pressure

window to the field that was already encounterethenGulf of Mexico. The parameters

of each simulation set are described in Chapter IV.
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4.2.1 Simulation Run Set #1

In this simulation set the system was tested imehdifferent water depths,
resulting in different pore and fracture pressuegimes (P&F PR) and, therefore,
different required mud properties, three differénting depths below mud line (BML),
two formation overpressures and finally two differéick sizes. One parameter that
was chosen to remain constant based on typicalbarell schematics was the 30”
conductor pipe set to a depth of 1,500 ft BML. d@®elthe conductor pipe a pilot hole
size of 12 ¥4” was drilled. The variable paramefer each simulation are shown below

in Table 1. The flowchart that describes the deiieation of run order can be seen in

Appendix A, and the spreadsheets showing all ofrtpat data for each run can be seen

in Appendix C.
Table 1 - Variable Parameters of Simulation Set #1
Mud  |Mud Yield | Depthof |Formation | Pit Gain
R;n \[/)Vea;ﬁ: P&F PR # Wl\grgdht Plastic Point 12 1/3’ Pilot Over Warning
Viscosity | Stress Hole BML | Pressure Level

ft ppg cp 100|bsf{:1. ft ft pPpPg bbl
1 | 3,000 #1 8.8 5 17 500 0.5 10
2 | 3,000 #1 8.8 5 17 500 0.5 50
3 | 3,000 #1 8.8 5 17 500 1 10
4 | 3,000 #1 8.8 5 17 500 1 50
5 | 3,000 #1 12.5 16.5 9 2,500 0.5 10
6 | 3,000 #1 12.5 16.5 9 2,500 0.5 50
7 | 3,000 #1 12.5 16.5 9 2,500 1 10
8 | 3,000 #1 12.5 16.5 9 2,500 1 50
9 | 3,000 #1 14 21 9 4,500 0.5 10
10 | 3,000 #1 14 21 9 4,500 0.5 50
11 | 3,000 #1 14 21 9 4,500 1 10
12 | 3,000 #1 14 21 9 4,500 1 50
13 | 5,000 #2 8.8 5 17 500 0.5 10
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Water Mud Muq Mud Yield Depth pf Formation | Pit Ggin
Run Depth P&F PR # Weight Plastic Point 12 ¥4 Pilot Over |Warning
# Viscosity | Stress Hole BML | Pressure Level
ft ppg cp 10(;bsf{q. ft ft pPpPg bbl
14 | 5,000 #2 8.8 5 17 500 0.5 50
15 | 5,000 #2 8.8 5 17 500 1 10
16 | 5,000 #2 8.8 5 17 500 1 50
17 | 5,000 #2 12.5 16.5 9 2,500 0.5 10
18 | 5,000 #2 12.5 16.5 9 2,500 0.5 50
19 | 5,000 #2 12.5 16.5 9 2,500 1 10
20 | 5,000 #2 12.5 16.5 9 2,500 1 50
21 | 5,000 #2 14 21 9 4,500 0.5 10
22 | 5,000 #2 14 21 9 4,500 0.5 50
23 | 5,000 #2 14 21 9 4,500 1 10
24 | 5,000 #2 14 21 9 4,500 1 50
25 |10,000 #3 8.8 5 17 500 0.5 10
26 |10,000 #3 8.8 5 17 500 0.5 50
27 |10,000 #3 8.8 5 17 500 1 10
28 |10,000 #3 8.8 5 17 500 1 50
29 |10,000 #3 12.5 16.5 9 2,500 0.5 10
30 |10,000 #3 12.5 16.5 9 2,500 0.5 50
31 |10,000 #3 12.5 16.5 9 2,500 1 10
32 |10,000 #3 12.5 16.5 9 2,500 1 50
33 |10,000 #3 14 21 9 4,500 0.5 10
34 10,000 #3 14 21 9 4,500 0.5 50
35 |10,000 #3 14 21 9 4,500 1 10
36 |10,000 #3 14 21 9 4,500 1 50

4.2.2 Simulation Run Set #2

Simulation Set #2 was run specifically to test i@ THDS in a field when
proper casing selections have been made. Thissnbahthe casing selections should
be determined graphically based on the pore/fractuessure window in the top hole
portion of the wellbore. The graphical selectidrsorface casing seats for 3,000 ft of

water depth can be seenHig. 20
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Pressure, psi
0 1000 2000 3000 4000 5000 6000 7000

1000

2000

Mudline
3000

4000 \\
5000 2000 ft

Fracture P, psi
6000

Pore P, psi \\
7000

e 4200 ft
M2

Depth, ft

8000

9000 \

M3

Fig. 20 - Graphical Casing Selection in 3000 ft Wat Depth

Fig. 21 shows the graphical casing selection for 5,0@0 YWater Depth ané&ig.
22 shows the graphical casing selection for 10,008f fivater. It is important to note
that while the actual pressures change with wagethd the pressure gradients remain
the same. This means that the pore/fracture meesgindow maintains a similar shape
at all water depths and the selected casing pmenisin the same when depths are taken
BML. The first casing seat at 200 ft BML is typi&6” Conductor Pipe that is usually
jetted into the formation. The second casing aeat000 ft BML is 30” Conductor Pipe
and an 8.8 ppg mud must be used in order to rdashdépth. The third and final top
hole casing seat of 20” Conductor Pipe is at 4f2BML and a 12.9 ppg mud is used to
drill to this depth. For the purposes of this dmtion top hole is defined as the first

6,000 ft BML. So, in order to drill to 6,000 ft BMa mud weight of 14.0 ppg is used.



Depth, ft

Depth, ft

Pressure, psi

1000 2000 3000 4000 5000 6000 7000 8000
[] L L L L L L L
2000
4000
Mudline
6000
2.000 ft
M1 ]
3000 Fracture P, psi
Pore P, psi
4200 ft
M2
10000 \
M3
Fig. 21 - Graphical Casing Selection in 5000 ft Wat Depth
Pressure, psi
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
[] L L L L L L L L L
2000
4000
6000
8000
Mudline
10000
2000 ft
12000
Fracture P, psi
00 Pore P, psi
16000 o
Fig. 22 - Graphical Casing Selection in 10,000 ft ¥fer Depth
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The resulting wellbore diagrams can be sedhrign 23 for 3,000 ft Water depth,
Fig. 24 for 5,000 ft water depth arféig. 25 for 10,000 ft water depth. Again, notice

how the depths BML of each casing are the sameattenwhat the water depth is.

1000

2000

Mudline
3000

! V5" - 200 f BML

4000

30" -2.000 ft BML

Depth, ft

5000

6000

20" -4.200 ft BML

7000

3000

12 1/4" Hole to 6.000 ft BML

9000

Fig. 23 - 3,000 ft Water Depth Wellbore Diagram

In this simulation set 18 different runs were coetgdl, six for each water depth,
and then two for each casing seat. For exampéefitst run for 3,000 ft water depth
was with the casing set to 200 ft BML and the 12 pilbt hole at 2,000 ft. The
objective was to determine if the DGTHDS could Idl the depth of the next casing
seat and successfully control a gas kick. Typycallie kick size was set at 50 bbl or the

largest controllable kick based on the wellborengetwy. This was simulated with both
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% ppg formation overpressure and 1 ppg formaticermessure. Then the next casing

seat was simulated by having 30” conductor pipecs2t000 ft BML and the 12 4"

2000

4000

Mudline

Y36" - 200 ft BML

Depth, ft

6000

30" -2,000 ft BML

8000

20"-4.200 ft BML

10000

12 1/4" Hole to 6,000 ft BML

Fig. 24 - 5,000 ft Water Depth Wellbore Diagram
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2000

4000

6000

8000

Depth, ft

Mudline
10000

'36" - 200 ft BML
30" - 2.000 ft BML

12000

20"-4.200 ft BML

14000

—| F 1/4" Hole to 6,000 ft BML
16000

Fig. 25 - 10,000 ft Water Depth Wellbore Diagram

pilot hole drilled to a depth of 4,200 ft BML. Filly, the last test was to drill to 6,000 ft
BML with the 20” conductor pipe set at 4,200 ft BMIThis was then repeated for 5,000
ft water depth and 10,000 ft water depth. Thealde parameters for each of the test
runs can be seen in Table 2. The flowchart thatriges the determination of run order
can be seen in Appendix A, and the spreadsheetgirghall of the input data for each

run can be seen in Appendix D.
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Table 2 - Variable Parameters of Simulation Set #2

Depth
Depth Mud | of 12 . .
Run # Water | of L%st P&F Myd PII\:\:SC Yie_ld 1/4" Formation \IID\/I;rCr-‘ﬁS
Depth | Casing |PR #|Weight |, ,. : Point | Pilot |Overpressure
Seat Viscosity Stress | Hole Level
BML
ft |ftBML ppg cp Itéfé.l(]?to ft ppg bbl
CS1a| 3,000 | 200 1 8.8 5 17 2,000 1 50
CS 1b| 3,000 | 200 1 8.8 5 17 2,000 0.5 50
CS2a|3,000| 2,000 | 1 12.9 175 9 4,200 1 50
CS 2b| 3,000 | 2,000 | 1 12.9 175 9 4,200 0.5 50
CS 3a|3,000| 4,200 | 1 14 24 9 6,000 1 50
CS 3b| 3,000 | 4,200 | 1 14 24 9 6,000 0.5 50
CS4a| 5,000 | 200 2 8.8 5 17 2,000 1 50
CS 4b| 5,000 | 200 2 8.8 5 17 2,000 0.5 25
CS5a|5,000| 2,000 | 2 12.9 175 9 4,200 1 50
CS 5b| 5,000 | 2,000 | 2 12.9 175 9 4,200 0.5 50
CS 6a| 5,000 | 4,200 | 2 14 24 9 6,000 1 50
CS 6b| 5,000 | 4,200 | 2 14 24 9 6,000 0.5 50
CS 7a(10,000| 200 3 8.8 5 17 2,000 1 30
CS 7b|10,000{ 200 3 8.8 5 17 2,000 0.5 15
CS 8a/(10,000{ 2,000 | 3 12.9 17.5 9 4,200 1 50
CS 8b(10,000{ 2,000 | 3 12.9 175 9 4,200 0.5 50
CS 9a(10,000| 4,200 | 3 14 24 9 6,000 1 50
CS 9b(10,000| 4,200 | 3 14 24 9 6,000 0.5 50

4.3  Simulation Procedure

Once all the simulation input data is entered tber weturns to the main menu,
seen previously in Fig. 13, to begin the kick siati@n. The following procedure is
followed to simulate a gas influx into the wellbpprevent further influx, circulate the
kick out of hole and weight up the mud and contimludling. The kick simulation

control panel can be seenHig. 26.



1. Increase Simulation Ratio to 10 times real time.

2. Increase Surface Pump rate to the standard pumgiegf 650 gpm.

3. Click Start Simulation Button

3 Marine Riserless Drilling Well Control Simulator

Main Menu  Wellbore Help

Start Drilling | || Stop Dnlling 3| Set 38 Pump Inlet P and ShutDown Purnp Kill the el
Simulation Ratio rGauges r Drlling Information
250 Depth & Mud Information
49995 True Verti. Depth of the BIT, ft
o - 500 D Rate of Penatiation, ft/hr
El Retum Mud Rate, galémin
gapm _ Gas Flow Rate at the Suiface,
750 Mect/Day
Subsea Pump Mud Retum Rate Difference D Cunsnt Mud Level Inside DS, ft
rit P Set Pit Gain/Loss to Zero
2 Fit Yalume Gain o Lass, bblz
D Net Kick Yolume in the ‘wWellbore,
il - 4000 bhls
T O Pit Gain /arming Sound Off
i Pressure Information
E000 1,610 Suiface Pump Pressure, psig
Subzea Pump Inlst Pressure T3 S anaer oA i
2000 SSP inlet - 5/ Hydro Static
1,766 Subsea Pump Dutlet P, psig
0 - 4000 2197 Casing Seat Pressure, psig
e 2 485 BottomHale Pressure. psig
gooo P

Standpipe Pressure

Equivalent Mud Weight. ppg

Change to
Pore Annulus  Fracture ]

911 10.57 13.46 ﬁtlastcasmg

EMW is relative to sea floor

0230 Tatal Elapsed Time (hrmin: sec)

Fig. 26 - Kick Simulation Control Panel

4. Allow Drill String (DS) to fill with drilling fluid.

5. Once current mud level inside DS equals zero aadStbsea pump rate
is constant at 650 gpm, set pit gain/loss to zerd #hen click start
drilling button. (The simulator will begin simulay a gas kick

momentarily).
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6. As the gas kick enters the wellbore the subsea patepand the pit gain
level warning will increase. While it is possille detect the kick very
rapidly in simulation, it is important to simulagetual drilling methods
by waiting for the pit gain warning to go off whehe pit level is
increased by the previously specified volume. Watbore schematic

also illustrates the incoming kick as seefkig. 27.

&5 MRD Wellbore Sc...
|

Aﬁm

Fig. 27 - lllustration of Wellbore Showing Gas KickInflux

7. Once the pit gain warning goes off, begin the “Miedi Driller's
Method”. The pit gain warning level will flash aseen inFig. 28
Change the Subsea pump to constant pumping rate anad return the
pumping rate to 650 gpm. This creates the necgedsmkpressure to

prevent further influx into the wellbore.



B3 Marine Riserless Drilling Well Control Simulator

Main Menu  Wellbore Help

J Start Drilling Stop Drilling ‘ Set 35 Pump Inlet P and Shut-Diown Pump Kill the Well
Sll:"uula’rlon o rGauges = Dnlling Information
an teal time 29d Depth & Mud Information
BE1T Trueerti. Depth of the BIT, ft
- BO0.3 ate of Penetration, ft/hr
Surface Pump o 500 Fiate of Penetration, fifh
n. F -ﬁc- Return tud Rate. gal/min
R Hates o gpm _ Gas Flow R ate at the Surface,
750 Mact/Day
Subsea Pump tud Return Rate Difference l:l Current Mud Level Inside DS, ft
it P 2 FirREiiase 4
0k # 20 14,74 Pit Volume Gain or Lass, bbls
-_ 14.74 Met Kick Yolurng in the *ellbone,
730 Pump Fate, gpm - 4000 _ bbls
e . Pit Gain “arning Sound Off
i Pressure Information
BO00 1,587 Surface Pump Pressure, psig
Subzea Pump Inlet Pressure T e e P
2000 55F inlet - S Hydro Static
1779 Subsea Pump Outlet P, psig
0- --4000 2189 Casing Seat Pressure, paig
TEo 2 462 BattornH ole Pressure, psig
P
6000 - . Change to
Standpipe Pressure Egllgvalerlt Mu.d Werlghtl PRg psigq
[311 | [ins7 |[12.46 | stlastcasing
114 |[o77 |[1398 | sthottomhole
Et\ iz relative to sea floor
0: 22: 40 Total Elapsed Time [hrmin:sec)

Fig. 28 - Flashing Pit Gain Warning Alarm

8. Monitor the annulus and formation pressures. Whese pressures are
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balanced the simulated influx will be stopped anel user can simulate

perfect well control by clicking the “Kill the WéllButton. (If the user

does not properly prevent the influx a blowout casult and the

simulator will return a warning box like what isostn inFig. 29
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e !

Conaco/Hydril Riserless Drilling Siumlator @ Texas A&M

11 Your control is BAD | === BLOWOUT is expected 111

Fig. 29 - Simulator Blowout Warning Box

9. Once the “Kill the Well” button has been clickee tsimulator allows the
user to circulate the kick manually or with perfexntrol. For the
purposes of testing the well control limits of teal gradient system,
perfect well control is selected.

10.The user is taken to a new screen where the usersilects a simulation
acceleration ratio of 80 times that of real timiéhen from the main menu
the user selects: show wellbore and start cir@rati

11.The simulator controls the pumping rate of the salgsump to maintain
perfect pressure balance between the formation thedannulus to

prevent further influx while circulating the kickibof the wellbore.
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o

Minimum Kick Pressure ta Avoid Huge Kick Expansion, psig
 Simulation Acceleration M'ﬂw [ Choke Control Panel

(Tintss Fattor Than Real Tiris) || chokeOpen by Dismeter Fatio
O o | o o— -

rCurrent Results — *Gaugess -
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3,002 WO to the Kick Bottom, ft
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Fig. 30 - Simulator Kick Circulation Screen

12.0nce the kick has been removed below the mudlieeuier will receive
a message as seenHig. 30. The simulator then continues circulating
the kick until the kick is completely removed frahe system. Then the
simulator shows an automatic circulation of killiglg mud to ensure the
prevention of more gas influxes.

13.Now the user can continue on to analyze the da¢ated by the

simulator.
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Finally, the resulting data from the simulator isalyzed to determine if the

pressure at the casing seat pressure and the messuhe top of the kick caused

formation fracturing, or damage to the casing sdatFig. 31 you can see the results

data from the simulator in graphical form. Asidenf the pressure at the top of the kick

the user can also track: standpipe pressure, gh@ssure, casing shoe pressure, subsea

inlet pump pressure, subsea outlet pump pressunface pump pressure, the volume of

mud pumped, the mud and gas return rates at thilodg choke opening and the kick

pressure, height, volume, and influx rate at alles during the simulation.

3. Plot the Results vs. Time (minutes)
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Fig. 31 - Simulation Results in Graphical Form
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All of this data is important to the driller. Tleasing shoe pressure, subsea pump
inlet and outlet pressures help to determine ifedgeipment pressure ratings have been
exceeded and the mud and gas production deternggessary surface handling
capacities. Most importantly, however, the simuolareturns information on the kick as
it progresses through the wellbore. You can expsauh of the different plots to look at

the graph zoomed inFig. 32shows the zoomed in version of kick pressure \&tigoe.
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Fig. 32 - Zoomed in Graph of Pressure @ Top of Kickersus Time
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The data can also be exported in table format.s Tiformation is important,

because the pressure at the top of the kick caidied versus the location, within the

wellbore, the top of the kick. Putting this plogether with a plot of formation pore and

fracture pressures, the user can determine if latiag the kick resulted in formation

fracture and lost circulation. An example of tpist can be seen iRig. 33 In this

example case, from simulation set #1, the sea wdgeth is 5,000 ft and the 30”

conductor pipe was set 1,500 ft BML.

2.000

4,000

Depth, ft

6.000

§.000

10,000

Run 17 Pressure @ Top of Kick

Pressure, psi
1,000 2.000 3,000 4,000

5,000

6,000 7.000

§

\ Pressure @ Top of Kick

Sea Floor (Mud Line)

S

Fracture Pressure
Pore Pressure

\\

|—F'0re P. psi ==Fracture P, psi =——Px@Top ==Sea Floor (Mud Line}‘

Fig. 33 - Kick Pressure, Pore Pressure and FracturBressure Plotted versus Depth
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The pressure at the top of the kick is indicatedhgyred line, the pore pressure
by the blue line and the fracture pressure by teemgline. If the pressure at the top of
the kick increases above the formation fracturessue below the conductor pipe, the
formation will fracture and an underground blowgould be experienced. This graph
clearly shows that the pressure at the top of tiek kncreases above the fracture
pressure at approximately 1,800 ft BML. In thiseathe conductor pipe (set at 1,500 ft
BML) was not set deep enough to prevent formatrantéiring.

Also a consideration, are the pressures withinwledbore and at the subsea
pump. These pressures are also tracked by théasonand can be plotted versus time,
as shown inFig. 34 The casing seat pressure, Bottom Hole Pres8H®), subsea
pump inlet pressure and stand pipe pressure ($RBically follow the same pattern.
These regions are all impacted on before the mter®the subsea pump. The subsea
pump outlet pressure, however, is a pressure rdgeated after the mud passes through
the subsea pump. The four pressures in the rdmpéore the subsea pump begin to
decrease as the kick enters the wellbore and thseaupump rate increases to
compensate. At the same time, a slight increagaump outlet pressure can also be
seen. In this example, at approximately 21 minutes kick is detected and the subsea
pump rate is decreased to pre-kick rate. Thihi@sve by the abrupt increase in casing
pressure, BHP, drillpipe pressure and subsea puataep pressure. (The abrupt up and
down spike is caused by the simulator, but wouldt typically be seen in the actual
wellbore conditions.) Then as the kick is circaththese pressures become level. The

subsea pump outlet pressure, however, remainsaransitil the point when the kick is
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circulated through the subsea pump and the pregstneases. Which, in this example,

occurs at approximately 45 minutes.
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Fig. 34 - Wellbore and Subsea Pump Pressures ExarepBraph

This data is important, because it is importantréek the pressure within the
wellbore, not just the pressure at the top of tiek&, ko determine if there are any other
potentially hazardous situations occurring withire tsystem such as if the casing seat
pressure exceeds the formation fracture pressurtheatcasing seat depth and an

underground blowout occurs.
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4.5  Simulation Results Analysis

Simulation Set #2 was extremely necessary uporatiadysis of Simulation Set
#1. It became obvious that an arbitrary selectbbrconductor pipe seat depth was
unacceptable for the DGTHDS and the drilling prognaeeds to be customized based

on the P&F PR.

4.5.1 Simulation Results Analysis — Simulation Se#l

It became evident upon examining the results tihatdrilling depth BML had
more of an impact on whether a simulation resulefdrmation fracture than sea water
depth. Runs 1 through 12 were executed in 3,00ff #ea water at varying drilling
depths of 2,000, 4,000 and 6,000 ft BML. Runs rbuggh 4 (2,000 ft BML) did not
result in fracturing of the formation. The cass®at at 1,500 ft BML was deep enough
to prevent formation fracture. However, Runs Stigh 12 (4,000 and 6,000ft BML) all
resulted in a fractured formation. The reasohas the heavier mud weights, required to
maintain BHP above formation pore pressure, fractuthe formation at shallower
depths, and the conductor pipe was not set deepglnto prevent this formation
fracture. These graphs for each run, similar éoekample shown in Fig. 33 can be seen
in Appendix E. Fig. 35shows the pressure at the top of the kick in Rurirdthis case

the kick was successfully circulated without fraictg the formation.
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Run 4 Pressure @ Top of Kick
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Fig. 35 - Pressure at the Top of the Kick in Run 4

Runs 13 through 24 (5,000ft of sea water) hadé#mee results as Runs 1 through
12. Again, Runs 13 through 16 (2,000 ft BML) didtresult in fracturing of the
formation. Again, however, Runs 17 through 24 @8,@nd 6,000 ft BML) all resulted
in fractured formation.Fig. 36 shows how, in Run 24, the kick pressure, showred
rose above the fracture pressure, shown in gregowithe conductor pipe seat at 1,500
ft BML. This signifies that the formation was ftaced and an underground blowout
would likely be the result if wellbore is not plugg rapidly. The rest of these graphs

can be seen in Appendix E.
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Run 24 Pressure @ Top of Kick
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Fig. 36 — Pressure at the Top of the Kick in Run 24

Runs 25 through 36 were performed in 10,000 #e# water and had the same

results as Runs 1 through 24. When the drillingtidevas 2,000 ft BML (Runs 25

through 28), all kicks were successfully circulatedowever, when the drilling depth

was deeper than 2,000 ft BML (Runs 29 through 8 formation was fractured during

kick circulation. These graphs can be seen in AdpeE. Ultimately Simulation Set #1

resulted in the obvious conclusion that casing s¢edbe set deeper and more often than

only at 1,500 ft BML.
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4.5.2 Simulation Results Analysis — Simulation Séf2

Since the main purpose of the project is simplptove that the DGTHDS is
more reliable at circulating shallow hazards thaa tPump and Dump” method, it is
acceptable to set casing more often than onlys@Olft BML. In a conventional “Pump
and Dump” system, conductor pipe and surface casmgd be set often, and usually
more frequently than what was designed in the waigdrilling program. So, the key to
a successful Simulation Set #2 was to determinavikbcontrol limits of the DGTHDS
when a proper casing program is in place. Runsa@&bugh CS3b were performed in
3,000 ft of sea water. In every case the kick@bbl was successfully circulated above
the conductor pipe before the pressure at the fothe kick increased above the

formation fracture pressure. Runs CS3a and CS3lbeaeen ifrig. 37.
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Fig. 37 - Pressure at the Top of the Kick in Runs 8§3a and CS3b
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In Runs CS4a through CS6b (5,000 ft of Sea WatsQ resulted in successful
kick circulation. A significant point is, in thehallow BML depths of Run CS4b the
system was not able to successfully circulate k lamger than 25 bbl in a 0.5 ppg over
pressured formation. However, a 50 bbl kick wascessfully circulated when the
formation was 1 ppg overpressure. This can be seEig. 38and the reason a smaller
kick size in a 0.5 ppg over pressure formationltesa a simulated blowout and a larger
kick size in a 1.0 ppg over pressure formation do&s is that the kick in the 0.5 ppg
formation over pressure kick enters the wellboosvel than the 1.0 ppg formation over
pressure kick. This means that first bubble of klek is circulated higher within the
wellbore, in the same amount of time, even thoumghdactual kick size is smaller. This
causes the simulator to react as though the udemdatiproperly detect the kick or take
action, and a surface blowout is simulated as ge&ation. This is a topic for future
research that may lead the primary investigatoctiange some of the code in the

riserless drilling simulator created by Dr. Choe.
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5,000 ft Water Depth - Casing @ 200 ft BML
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Fig. 38 - Pressure at the Top of the Kick in Runs 84a and CS4b

In Runs CS7a through CS9b a similar result occurredll kicks were
successfully circulated without formation fractyjnbut again the largest kicks that
could be circulated without formation fracturing, drilling depths of 2,000 ft BML,
Runs CS7a and CS7b, were 30 bbl in 1 ppg formati@mpressure and 15 bbl in a 0.5
ppg formation overpressure. In deeper BML drillsgpths, Runs CS8a through CS9b,
50 bbl kicks were successfully circulated withooitniation fracturing. The successful

circulation of a kick at 6,000 ft BML in 10,000df seawater can be seerFig. 39
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10,000 ft Water Depth - Casing @ 4,200 ft BML
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Fig. 39 - Pressure at the Top of the Kick in Runs 89a and CS9b

The next step is to analyze the casing seat peesasl a method of double
checking that the casing seat pressure does moalisve formation fracture pressure at
the casing seat depth. Casing seat pressure mematiie simulator is exported and
plotted, along with the formation fracture pressateasing seat depthrig. 40 shows
the casing seat pressure of run CS7 with respeiiin® On the secondary y-axis the
depth at the top of the kick, the casing seat dapthsea floor depth is plotted so that
correlations between kick location and casing peagsure can be drawn. In this run it

can be seen that there is a jump in the casingpsessure. This is a result of when the
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subsea mud pump rate is slowed to increase anpubssure and prevent the influx of

more reservoir fluids.

Wellbore Pressures - Small Hole Diameter w/ Casing @ 200 ft BML

6000 0

5000 A / L 2000
f L 4000
4000
/ L 6000
3000
/ - 8000
2000
?ﬁ=l 10000
1000

i [ 12000

psi

Pressure

0 " " " " " " " 14000
0 10 20 30 40 50 60 70 80

Time, minutes

w— L asing Seat Pressure - 1 ppg - 30bbl - 12.25" Hole = = Fracture Pressure @ Casing Seat
w— Casing Seat w—SeaFloor

—=— Kick Location - 1 ppg - 30 bbl - 12.25" Hole

Fig. 40 - Casing Seat Pressure in Run CS7

Even once the casing seat pressure stabilizés still very close to formation
fracture pressure. This is a concern and a bettderstanding of why this occurs is a
good idea for future research into the implemeortatif a DGTHDS. Similar results can
be seen irFig. 41 andFig. 42 (results from Runs CS8 and CS9). Is this simplyitah

within the simulator? Does casing need to be geh enore often? Would a smaller
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kick size have the same high pressure? Thesdlayeestions that need to be answered

in order to fully understand a DGTHDS.

Wellbore Pressures - Small Hole Diameter w/ Casing @ 2,000 ft BML
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Fig. 41 - Casing Seat Pressure in Run CS8
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Wellbore Pressures - Small Hole Diameter w/ Casing @ 4,200 ft BML
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Fig. 42 - Casing Seat Pressure in Run CS9

Finally, it is apparent from Simulation Set #2ttindoen a proper casing program
is designed and in place kicks can be rapidly detkand circulated out of the wellbore.
There are still uncertainties within the systemt theed to be further addressed. An
important point to note is that 50 bbl kicks ardikely because in the DGTHDS kick
detection happens rapidly and with a properly &didrilling crew most kicks should be
detected and the “Modified Driller's Method” willelgin well before the kick size
reaches even 10 bbl.

Finally, a significant observation is that Simubati Set #2 was performed
entirely with 12 ¥4” pilot hole below the last comdlor pipe seat. This is the current

industry standard, because it is easy to pump cemmiena 12 ¥4” pilot hole when a kick
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is encountered. However, in this system the latigeole diameter the less impact the
kick has on wellbore pressures, and the easiekithes to circulate. Conventionally, a
smaller pilot hole resulted in safer drilling optemas but, in the DGTHDS a larger pilot
hole may result in safer drilling operations. Thauld save expensive rig time that is
required to drill a pilot hole to the next casirgpth and then ream the hole out to casing

OD size.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS FOR THE FUTURE

OF DUAL GRADIENT TECHNOLOGY

51 Conclusions

Dual gradient drilling technology is not beyond eaach. This technology has
been designed, engineered and field tested foibikgs This technology has been
successfully applied to the top hole portion ofdllore in a shallow water environment
and in a deepwater environment after conductorsamthce casing have been set. The
riserless drilling simulator indicates that apptyidual gradient technology to top hole
drilling, when used in conjunction with a propesicey program, successfully navigates
the narrow window between formation pore pressung farmation fracture pressure.
The results of simulation also leads to the conatushat the dual gradient technology
applies safe well control methods while drillingettop hole portion and can control all

three major shallow hazards. Riserless Dual Gradiep Hole Drilling results in:

Rapid and accurate kick detection

Safe Well Control Procedures

Successful pore/fracture pressure window navigation

Control over pressured shallow gas zones
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» Control over shallow water flows

» Control over dissociating methane hydrates
* Improved casing seats and wellbore integrity
* Reduced number of casing strings

* Reduced overall costs

* Prevention of methane hydrate formation

* Reduced environmental impact.

The advantages of the system far outweigh the tatge of the industry to
implementing a new technology. The key is to aurgi to overcome the industries
resistance to the new technology by educatiomitrgiand gradual implementation of
the DGTHDS into conventional practices.

Dual gradient technology still has uncharted teryit however, a DGTHDS has
already been proven to be substantially safer aock meliable than the current “Pump
and Dump” technology. The remaining questions nadyg be answered to streamline
the DGTHDS. AGR has proven that a DGTHDS is thg te improving top hole
drilling in shallow water depths. As AGR adaptegithtechnology to conquer deeper
water depths and academic research continues towaphe design of a DGTHDS for
deepwater, a DGTHDS will cease to be a technoldghe future and become the new

industry standard that everyone strives to improve.
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5.2 Recommendations for the Future of Top Hole DuaBradient Drilling

While this technology still gives every indicatiofi being an improvement over
the current top hole drilling practice of “Pump amiimp”, there are still some
uncertainties regarding the DGTHDS. There areetimain questions that still remain to
be answered. The first, as briefly discusses iap®¥r 1V, is how does the location, in
the annulus, of the first bubble of the kick impaet annulus pressures and kick
circulation. Is the simulator, originally creatéat training purposes, reacting from a
human error point of view (meaning a lack of reggoresults in a blowout) or from a
technical point of view (meaning a bubble at shaltbepths within the annulus will, in
reality, result in a surface blowout). A new rasbgoroject may be launched to get deep

into the programming of the simulator to find thesaer to this question.

The second question is regarding the tracking efddsing seat pressure. Will
setting casing more often and at shallower depti$ Beep the casing seat pressure
below formation fracture pressure? Will smalleckksizes result in lower casing seat
pressure? Which brings us to the third and permapst interesting question? How

does the pilot hole size affect the kick height aizé and annulus pressures?

Several simulations were ran in 10,000 ft of sesewdut instead of using the
standard 12.25” pilot hole, a hole the size ofrib&t casing OD size was drilled below
the last casing seat. The runs were done in aatbomof 1.0 ppg over pressure, and the
kick size was always as large as possible. Thdtsesere quite interesting and can be

seen inFig. 43, 44and45.
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10,000 ft Water Depth - Casing @ 200 ft BML
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Fig. 43 - Larger Hole Diameter than Run CS7

In Fig. 43 the pressure at the top of the kickhm simulation with the larger size
pilot hole can be seen in orange. The run withcthreventional pilot size hole of 12.25”
can be tracked in red. In the case of the largér Hiameter, the pressure at the top of
the kick rises above formation fracture pressufereereaching the conductor pipe set at
200 ft BML. This is likely because even though kiek size is the same, the larger hole
size reduces the total height of the kick. Thisansethat when the subsea mud pump is
slowed down to prevent additional influx the toptloé kick is still a lot deeper than the
last casing seat. Then as the kick is circulatteel,pressure at the top of the kick can
easily rise about formation fracture pressure. dNlaigain leads to the question... Does

casing need to be set more often and conservatwéln dealing in a deepwater
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environment? Fig. 44 and Fig. 45 show the resafltarger hole diameter when casing
is set at 2,000 ft BML and 4,200 ft BML, respeclive The results are similar to those
shown in Fig. 43. However in Fig. 45 the differermetween in the pressure at the top
of the kick in the 12.25” pilot hole and the largalot hole is minimal because the
difference (from 12.25” to 17.5") between hole deter is minimal. To more fully
understand the limitation of the DGTHDS more resleanto the effect of a larger pilot

hole size is necessary.

10,000 ft Water Depth - Casing @ 2,000 ft BML
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Fig. 44 - Larger Hole Diameter than Run CS8
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10,000 ft Water Depth - Casing @ 4,200 ft BML
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Fig. 45 - Larger Hole Diameter than Run CS9

To answer the questions regarding: the effect dbhaiheight within the well,

the accuracy of the simulator’s casing seat presgredictions and the possible impact

of larger pilot hole sizes, the next step is toiglesand field test a system that can be

applied to drilling the top hole portion of a wellle in a deepwater environment. In a

continuation of the OTRC / MMS project “Applicatimf Dual Gradient Technology to

Top Hole Drilling”, the top hole dual gradient epment should be designed,

constructed, commissioned and field tested. injgerative that the industry be shown

how beneficial the application of dual gradienthtealogy to top hole drilling can be.

Dual gradient technology promises to: improve satetid well control while

drilling, decrease costs, improve wellbore quabiyd reduce environmental impact.
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Even so, developing a new technology can be expemsid difficult to implement. The
step, that is paramount to implementing dual gradiechnology into commercial use, is
to convince the industry end users (operators amdice companies alike) that dual
gradient technology will significantly improve deegter drilling operations through
education and training. This can best be donenallssteps, by focusing on improving
one part of the current technology at a time. His tmanner top hole dual gradient
drilling will be implemented slowly, but seamlessind to the advantage of everyone

involved.



AGR
bbl
BHP
BML
BOP
cp
DOE
DGTHDS
DS
DSV
E&P

oF

gpm
HSP

IADC
ID
JIP

Ibf/100 sq.ft
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NOMENCLATURE

AGR Ability Group

Barrels

Bottom Hole Pressure

Below Mud Line

Blow Out Preventer

centipoises

Department of Energy

Dual Gradient Top Hole Drilling System
Drill String

Drill String Valve

Exploration and Production

Degrees Fahrenheit

Feet

Gallons per Minute  (gallons/minute)
Hydrostatic Pressure

International Association of Drilling Contrawts
inner diameter

Joint Industry Project

Pounds of Force per 100 square feet



MC
MMS
MPD
NSF
oD
OTRC

P&F PR

PPY

psi

RMR

SPP
SSMLDJIP
SRD

TD
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Mississippi Canyon

Minerals Management Service
Managed Pressure Drilling

National Science Foundation

Outer Diameter

Offshore Technology Research Center
Pore and Fracture Pressure Regime
Pounds per Gallon (Ib/gal)

Pounds per Square Inch (I6)in
Riserless Mud Return

Standpipe Pressure

SubSea MudLift Drilling Joint Industry Frot
SubSea Rotating Diverter

Total Depth
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SIMULATOR INPUT F
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Fig. A1 — Simulation Set #1 Flowchart
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APPENDIX B

PORE/FRACTURE PRESSURE REGIMES

Table B1 - P&F R#1 — 3,000 ft Water Depth

Pore & Fracture Pressures:

Depth, SubSea, ft | Pore P, psi |Fracture P, psi
3,000 1,349 1,349
3,260 1,468 1,488
3,804 1,716 1,815
4,393 1,985 2,287
5,025 2,276 2,798
5,686 2,794 3,401
6,364 3,385 4,041
7,055 3,989 4,699
7,760 4,631 5,382
8,478 5,291 6,085
9,213 5,896 6,789
9,974 6,358 7,473
10,763 6,948 8,222
11,573 7,634 9,021
12,402 8,353 9,851
13,253 9,119 10,718
14,131 9,850 11,602
15,045 10,503 12,498
15,996 11,303 13,475
16,983 11,982 14,452
18,000 12,959 15,552
19,037 13,819 16,644
20,106 14,546 17,732
21,215 15,164 18,831
22,373 15,653 19,945
23,589 15,996 21,078
24,875 16,059 22,201
26,244 15,965 23,365
27,667 17,136 24,977
29,098 18,995 26,822
30,524 20,671 28,627




Table B2 - P&F R#2 — 5,000 ft Water Depth

Pore & Fracture Pressures:

Depth, SubSea, ft | Pore P, psi |Fracture P, psi
5,000 2,249 2,249
5,260 2,368 2,387
5,804 2,615 2,715
6,393 2,884 3,187
7,025 3,176 3,698
7,686 3,693 4,300
8,364 4,285 4,941
9,055 4,889 5,598
9,760 5,631 6,282
10,478 6,191 6,985
11,213 6,796 7,688
11,974 7,258 8,373
12,763 7,848 9,122
13,573 8,534 9,921
14,402 9,252 10,751
15,253 10,018 11,618
16,131 10,749 12,501
17,045 11,402 13,397
17,996 12,203 14,374
18,983 12,882 15,352
20,000 13,859 16,452
21,037 14,719 17,544
22,106 15,445 18,631
23,215 16,064 19,731
24,373 16,553 20,845
25,589 16,896 21,977
26,875 16,959 23,100
28,244 16,865 24,265
29,667 18,036 25,876
31,098 19,894 27,721
32,524 21,571 29,526
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Table B3 - P&F R#3 — 10,000 ft Water Depth

Pore & Fracture Pressures:

Depth, SubSea, ft | Pore P, psi |Fracture P, psi
10,000 4,498 4,498
10,260 4,617 4,636
10,804 4,864 4,964
11,393 5,133 5,436
12,025 5,425 5,947
12,686 5,942 6,549
13,364 6,534 7,190
14,055 7,138 7,847
14,760 7,780 8,531
15,478 8,440 9,234
16,213 9,045 9,937
16,974 9,507 10,622
17,763 10,097 11,371
18,573 10,783 12,170
19,402 11,501 13,000
20,253 12,267 13,867
21,131 12,998 14,750
22,045 13,651 15,646
22,996 14,452 16,623
23,983 15,131 17,601
25,000 16,108 18,701
26,037 16,968 19,793
27,106 17,694 20,880
28,215 18,313 21,980
29,373 18,802 23,094
30,589 19,145 24,226
31,875 19,208 25,349
33,244 19,114 26,514
34,667 20,285 28,125
36,098 22,143 29,970
37,524 23,820 31,775




APPENDIX C

SIMULATOR INPUT DATA — SET #1

Run Number: 1

Kick Type: Gas

Casing Seat: 150D it

Wate r Depth: 3000 it

Well Depth: 2000 i

Kick Size: 0.5 PP3

Fit Gain Warning: 10 bkl

Fluid Dats -

Mud Weight 5.8 PPd

Plastic Viscosity 7] cp

Yield Foint Stess iT Il D =q. ft

Well Geomeoy Dae: Conductor Pipe = 307 OO0, 15753 Ib't w/ 25° I & Wall Thickne
Inside Drill Sring Annules Exzept Retwirm Lin

I, inch Length, i 0D, inch  IDVinch  Length, &
4 278 4100 5 i1 1100

3 40 25 55 460

3 200 1225 E5 20D
325 300 225 & 30D
Remwm Line & Conool Lines Data

3000 Wezsured length of retwm line Fom subses pump to surizce, ft
3000 ‘Wertical depth o freturn lins, ft

Warer Dam & Others: Se3
3000 Waater Depth, ft

4 500 Cepth of last Casing fom saa level

Hick Deta:

52 Armount o f Formation Ower Pressure, psi

10 Fit Gain W arning Lewel, bbls

Fig. C1 — Input Data Run #1
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Run Number: 2

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 3000 ft

Well Depth: 2000 ft

Kick Size: 0.5 Prg

Pit Gain Waming: il bkl

Fiuid Data:

hiud W eight 8.8 oog

Flestic Viscosity 5 cp

el Point Stress T Ief100 sq. ft

Well Geometry Datar Conductor Pipe = 20000, 157.63 It w' 257 1D & Wall Thidine
Inside Drill String Annulus Except Return Lin

1T, inch Length, f o0, inch 1D, inch  Length, ft
4278 4100 2 5 1100

3 400 28 5.5 200

3 200 1225 55 200
325 300 1226 g 300

Retum Line & Control Lines Data

2000 hess ured length of return line from s ubsea pumg to swface,
3000 Vertical depth of return line, #

Water Data & (thers: Ses
30300 Water Depth, ft

4500 Oiepth of last Cesing from sea level, f

Hick Diatac

5 Arncunt of Formation Cwer Pressure, psi

5 Fit Gain Warning Lewvel, bols

Fig. C2 — Input Data Run #2
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Run Number: 3

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 3000 ft

Well Depth: 2000 ft

Kick Size: 1 PPa

Pit Gain Warning: 10 bl

Fluid Data:

Mud Weight 8.8 PP

Plastic Viscosity 5 cp

Yield Point Stress 17 Ibf/ 100 sq. f

Well Geometry Data: Conductor Pipe =30" 0D, 157.53 IbAt w/ 29" 1D & Wall Thickne:
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft OD,inch 1D, inch Length, ft
4 276 4100 29 5 1100

3 400 29 55 400

3 200 12.25 55 200
3.25 300 12.25 8 300
Return Line & Control Lines Data

3000 Measured length of return line from subsea pump to surface, ft
3000 Vertical depth of return line, ft

Water Data & Others: Sea
3000 Water Depth, ft

4500 Depth of last Casing from sea level, ft

Kick Data:

104 Amount of Formation Over Pressure, psi

10 Pit Gain Warning Level, bhls

Fig. C3 — Input Data Run #3
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Run Number: 4

Kick Type: Gas

Casing Seat: 1500 ft
Water Depth: 3000 ft
Well Depth: 2000 ft
Kick Size: 1 PRg
Pit Gain Warning: 50 bbl
Fluid Data:

Mud Weight 8.8 PRg
Plastic Viscosity 5 cp
Yield Point Stress 17 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ib/ftw' 29" 1D & Wall Thickne

Inside Drill String

Annulus Except Return Lin

ID, inch Length, ft 0D, inch 1D, inch Length, ft
4276 4100 29 5 1100
3 400 29 55 400
3 200 12.25 55 200
325 300 12.25 B 300

Return Line & Control Lines Data

3000
3000

Water Data & Others:

3000

Measured length of return line from subsea pump to surface, ft
Vertical depth of return line, ft

Sea
Water Depth, ft

4500 Depth of last Casing fram sea level, ft
Kick Data:

104 Amount of Formation Over Pressure, psi
50 Pit Gain Warning Level, bbls

Fig. C4 — Input Data Run #4
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Wud YWeight
Plastic Viscosity
Yield Point Stress

5

Gas
1500 fi
3000 fi
4000 ft

05 PPg

10 bbl
12.5 PPg
16.5 cp

g Ibf100 sq. ft

Well Geometry Data: Conductor Pipe = 30" 0D, 157 53 Ib/ft w/ 29" 1D & Wall T hickness

Inside Drill String

Annulus Except Return Lin

1D, inch Length, ft 0D, inch 1D, inch Length, ft
4276 4500 29 5 1500
4276 1600 12.25 5 1600
3 600 12.25 55 600
325 300 12.25 B 300

Return [ ine & Control Lines Data

3000
3000

Water Data & Others:
3000

Measured length of return line from subsea pump to surface, ft
Vertical depth of return line, ft

Sea Fl
Water Depth, ft

4500 Depth of last Casing from sea level, ft
Kick Data:

104 Amount of Formation Over Pressure, psi
10 Pit Gain Warning Level, bbls

Fig. C5 — Input Data Run #5
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud VW eight
Plastic Viscosity
Yield Point Stress

Well Geometry Data:
Inside Dnll String

ID, inch

4 276

4 276

3

3.25

6

Gas

1500 fi
3000 ft
4000 fi

05 PPa

50 bbl
12.5 PPg
16.5 cp

g Ibf100 sq. ft

Conductor Pipe =30" 0D, 157 53 Ibftw/ 29" ID & Wall T hicknes
Annulus Except Return Lin

Length, ft 0D, inch 1D, inch Length, ft
4500 29 5 1500
1600 12.25 J 1600
500 12.25 55 600
300 12.25 8 300

Return Line & Control Lines Data

3000
3000

Water Data & Others:
3000
4500

Kick Data:
104
50

Measured length of return line from subsea pump to surface, ft
Wertical depth of return line, fi

Seaf

Water Depth, ft
Depth of last Casing from sea level, ft

Amount of Formation Over Pressure, psi
Pit Gain Warning Level, bbls

Fig. C6 — Input Data Run #6
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Run Number: 7

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 3000 ft

Well Depth: 4000 ft

Kick Size: 1 PRa

Pit Gain Warning: 10 bl

Fluid Data:

Mud W eight 12.5 PRY

Plastic Viscosity 16.5 cp

Yield Point Stress g Ibf100 =q. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157.53 Ib/ft w/ 29" D & Wall T hicknes
Inside Drill String Annulus Except Return Lin

ID, inch Length, ft 0D, inch 10, inch  Length, ft
4276 4500 29 5 1500
4276 1600 1225 5 1600

3 600 1225 55 600
3.25 300 1225 g 300
Return Line & Control Lines Data

3000 Measured length of return line from subsea pump to surface, ft
3000 Vertical depth of return line, ft

Water Data & Others: Seaf
3000 Water Denpth, ft

4500 Depth of last Casing from sea level, ft

Kick Data:

208 Amount of Formation Over Pressure, psi

10 Pit Gain Warning Level, bhls

Fig. C7 — Input Data Run #7
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Run Number: 8

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 3000 ft

Well Depth: 4000 ft

Kick Size: 1 pPpa

Pit Gain Warning: 50 bbl

Fluid Data:

Mud VWeight 12.5 PPRY

Plastic Viscosity 16.5 cp

Yield Point Stress 9 Ib#100 sq.ft

Well Geometry Data: Conductor Pipe =30" 0D, 15753 Ib/ftw/ 29" 1D & Wall T hicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch 1D, inch Length, ft
4276 4500 29 4 1500
4276 1600 12.25 4 1600

3 600 12.25 545 600
3.25 300 12.25 3 300
Return Line & Control Lines Data

3000 Measured length of return line from subsea pump to surface, ft
3000 Wertical depth of return line, ft

Water Data & Others: SeaF
3000 Water Depth, ft

4500 Depth of last Casing from sea level, ft

Kick Data:

208 Amount of Formation Over Pressure, psi

50 Pit Gain Warning Level, bbls

Fig. C8 — Input Data Run #8
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Run Number: 9

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 3000 ft

Well Depth: 6000 ft

Kick Size: 05 PRO

Pit Gain Warning: 10 hbl

Fluid Data:

Mud Weight 14 PRO

Plastic Viscosity 21 cp

Yield Point Stress 9 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ibfft w/ 29" 1D & Wall T hicknes
Inside Drill String Annulus Except Return Lin

ID, inch Length, ft 0D, inch 1D, inch Length, ft
4276 4500 29 5 1500
4.276 3600 12.25 5 3600

3 600 12.25 55 600
3.25 300 12.25 8 300
Return Line & Control Lines Data

3000 Measured length of return line from subsea pump to surface, ft
3000 Vertical depth of return line, ft

Water Data & Others: SeaF
3000 Water Depth, ft

4500 Depth of last Casing from sea level, ft

Kick Data:

156 Amount of Formation Over Pressure, psi

10 Pit Gain Warning Level, bbls

Fig. C9 — Input Data Run #9
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud VWeight
Plastic Viscosity
Yield Point Stress

Well Geometry Data:
Inside Drill String

D, inch

4 276

4276

3

3.25

10
Gas
1500 fi
3000 fi
000 fi

0.5 PPY

50 bhl

14 PPg

21 cp

9 Ibf100 sq. ft

Conductor Pipe = 30" 0D, 157 53 Ib/ftw/ 29" ID & Wall T hickness
Annulus Except Return Lin

Length. ft OD,inch 1D, inch  Length. ft
4500 29 5 1500
3600 12.25 5 3600
600 12.25 hA 600
300 12.25 3 300

Return Line & Control Lines Data

3000
3000

Water Data & Others:
3000
4500

Kick Data:
166
50

Measured length of return line from subsea pump to surface, ft
Wertical depth of return line, ft

Sea FI
Water Depth, ft
Depth of last Casing from sea level, ft

Amount of Formation Over Pressure, psi
Pit Gain Warning Level, bbls

Fig. C10 — Input Data Run #10
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Run Number: 11

Kick Type: Gas

Casing Seat: 1500 ft
Water Depth: 3000 ft
Well Depth: 6000 fi
Kick Size: 1 PR
Pit Gain Warning: 10 hbl
Fluid Data:

Mud Weight 14 PRO
Plastic Viscosity 21 cp
Yield Point Stress 9 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ibfft w/ 29" 1D & Wall T hicknes
Inside Drill String Annulus Except Return Lin

ID, inch Length, ft 0D, inch 1D, inch Length, ft
4276 4500 29 5 1500
4 276 3600 12.25 5 3600
3 600 12.25 hh 600
3.25 300 12.25 8 300

Return Line & Control Lines Data

3000
3000

Water Data & Others:

Mz

Measured length of return line from subsea pump to surface, ft
Vertical depth of return line, ft

SeaF
Water Depth, ft

4500 Depth of last Casing from sea level, ft
Kick Data:

104 Amount of Formation Over Pressure, psi
10 Pit Gain Warning Level, bbls

Fig. C11 — Input Data Run #11
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:
Mud Weight

Plastic Viscosity
Yield Point Stress

Well Geometry Data:
Inside Drill String

1D, inch

4276

4 276

3

3.25

12
Gas
1500 fi
3000 ft
6000 fi

1 PPg

50 bb

14 el

21 cp

g IbfH 00 sq. ft

Conductor Pipe = 30" 0D, 157.53 Ib/ft w/ 29" 1D & Wall T hicknes
Annulus Except Return Lin

Length, ft 0D, inch 1D, inch Length, ft
4500 29 5 1500
3600 1225 A 3600
600 1225 55 600
300 1225 8 300

Return Line & Control Lines Data

3000
3000

Water Data & Others:

3000
4500

Kick Data:
312
50

Measured length of return line from subsea pump to surface, ft
Wertical depth of return line, ft

Sea |
Water Depth, ft
Depth of last Casing from sea level, ft

Amount of Formation Over Pressure, psi
Pit Gain Warning Level, bbls

Fig. C12 — Input Data Run #12
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Run Number: 13

Kick Type: Gas

Casing Seat: 1500 fi

Water Depth: 5000 ft

Well Depth: 2000 fi

Kick Size: 05 PRY

Pit Gain Warning: 10 bhl

Fluid Data:

Mud Weight 8.8 PPRY

Plastic Viscosity 5 cp

Yield Point Stress 17 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe = 30" 00, 157.53 [b/ft w/ 29" 1D & Wall T hicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft QD,inch 1D, inch  Length, ft
4276 6100 29 5 1100

3 400 29 55 400

3 200 12.25 5.5 200
3.25 300 12.25 g 300
Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of return line, ft

Water Data & Others: Seal
5000 Water Depth, ft

6500 Depth of last Casing from sea level, ft

Kick Data:

52 Amount of Formation Over Pressure, psi

10 Pit Gain Warning Level, bhls

Fig. C13 — Input Data Run #13
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Run Num ber:

Kick Type:
Casing Seat:
Water Depth:
Well Depthe

Kick Size:

Pit Gain Waming:

Fluid Data:

Mud Weight
Plastic Vizscosity
ield Point Stress

Well Geometry Data:

Inzide DOirill String
|0, inch

4275

3

3

325

Retum Line & Control Lines Data

14

Gaz
1500
5000
2000

0.5

50

8.0

C

17

Length,

100
400
200
300

2000
2000

Water Data & Otheors:

2000
G500

Kick Data:
52
50

PRG

cp
IBf100 =q. ft

Conductor Pipe = 30" 0D, 157.53 /it w 257 1D & Wall Thicknes
Annulus Except Return Lin

Meazured length o freturn line from subsea pump to surface,
“Wertical depth of return ling, ft

Water Depth, ft
Depth oflast Casing from =ea level, ft

Amount of Form ation Over Pressure, p=i
Pit Gain Warning Level, bblz

Fig. C14 — Input Data Run #14
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Run Number: 15

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 5000 ft

Well Depth: 2000 ft

Kick Size: 1 pRg

Pit Gain Warning: 10 bbl

Fluid Data:

Mud VWeight 8.8 pRg

Plastic Viscosity ) cp

Yield Point Stress 17 Ibf100 sq.fi

Well Geometry Data: Conductor Pipe =30" 0D, 157.53 Ib/ftw/ 29" ID & Wall Thicknes
Inside Drill String Annulus Except Return Lin

ID, inch Length, ft 0D, inch 1D, inch Length, ft
4276 6100 29 5 1100

3 400 29 54 400

3 200 1225 55 200
3.25 300 1225 3 300

Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of retumn line, ft

Water Data & Others: Seaf
5000 Water Depth, ft

6500 Depth of l[ast Casing from sea level, ft

Kick Data:

104 Amount of Formation Over Pressure, psi

10 Fit Gain Warning Level, bbls

Fig. C15 — Input Data Run #15

113



Run Number: 16

Kick Type: Gas

Casing Seat: 1500 fi

Water Depth: 5000 ft

Well Depth: 2000 fi

Kick Size: 1 PPd

Pit Gain Warning: 50 bhl

Fluid Data:

Mud Weight 838 PRg

Plastic Viscosity 5 cp

Yield Point Stress 17 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ibftw/ 29" 1D & Wall Thickne:
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch ID, inch Length, ft
4276 6100 28 5 1100

3 400 29 54 400

3 200 1225 55 200
3.25 300 1225 8 300
Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, fi
5000 Vertical depth of return line, ft

Water Data & Others: SeaF
5000 Water Depth, ft

6500 Depth of last Casing from sea level, ft

Kick Data:

104 Amount of Formation Qver Pressure, psi

50 Pit Gain Warning Level, bbls

Fig. C16 — Input Data Run #16
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Run Number: 17

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 5000 ft

Well Depth: 4000 ft

Kick Size: 05 pRg

Pit Gain Warning: 10 bbl

Fluid Data:

Mud VWeight 125 pRg

Plastic Viscosity 165 cp

Yield Point Stress 9 Ibf100 sq.fi

Well Geometry Data: Conductor Pipe =30" 0D, 157.53 Ib/ftw/ 29" ID & Wall Thicknes
Inside Drill String Annulus Except Return Lin

ID, inch Length, ft 0D, inch 1D, inch Length, ft
4276 6500 29 5 1500
4276 1600 1225 b 1600

3 600 1225 55 600
3.25 300 1225 3 300

Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of retumn line, ft

Water Data & Others: Seaf
5000 Water Depth, ft

6500 Depth of l[ast Casing from sea level, ft

Kick Data:

104 Amount of Formation Over Pressure, psi

10 Fit Gain Warning Level, bbls

Fig. C17 — Input Data Run #17
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Run Number: 18
Kick Ty pe: Gas
Casing Seat: 1500 ft
\Water Depth: 5000 ft
Well Depth: 4000 ft
Kick Size: 0.5 PPY
Pit Gain Warning: 50 bhl
Fluid Data:
Mud Weight 12.5 PRy
Plastic Viscosity 16.5 cp
Yield Point Stress 9 Ibf100 =q. ft
1600
Well Geometry Data: Conductor Pipe =30" 00, 157.53 b/t w/ 29" |D & Wall Thickness
Inside Drill String Annulus Except Return Lin
1D, inch Length, ft OD,inch ID,inch Length,ft
4.276 6500 29 5 1500
4276 1600 12.25 5 1600
3 600 12.25 55 600
3.25 300 12.25 8 300
Return Line & Control Lines Data
5000 Measured length of return line fram subsea pump to surface, ft
5000 Wertical depth of return line, ft
Water Data & Others: SeaF
5000 Water Depth, ft
6500 Depth of last Casing from sea level, ft
Kick Data:
104 Amount of Formation Over Pressure, psi
50 Pit Gain Warning Level, bbls

Fig. C18 — Input Data Run #18
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Run Number: 19
Kick Type: Gas
Casing Seat: 1500 ft
Water Depth: 5000 ft
Well Depth: 4000 ft
Kick Size: 1 pRg
Pit Gain Warning: 10 bbl
Fluid Data:
Mud VWeight 125 pRg
Plastic Viscosity 165 cp
Yield Point Stress 9 Ibf100 sq.fi
1600
Well Geometry Data: Conductor Pipe =30" 0D, 157.53 Ib/ftw/ 29" ID & Wall Thicknes
Inside Drill String Annulus Except Return Lin
ID, inch Length, ft 0D, inch 1D, inch Length, ft
4276 6500 29 5 1500
4276 1600 1225 b 1600
3 600 1225 55 600
3.25 300 1225 3 300
Return Line & Control Lines Data
5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of retumn line, ft
Water Data & Others: Seaf
5000 Water Depth, ft
6500 Depth of l[ast Casing from sea level, ft
Kick Data:
208 Amount of Formation Over Pressure, psi
10 Fit Gain Warning Level, bbls

Fig. C19 — Input Data Run #19
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Run Number: 20
Kick Type: Gas
Casing Seat: 1500 ft
Water Depth: 5000 ft
Well Depth: 4000 ft
Kick Size: 1 PRa
Pit Gain Warning: 50 bbl
Fluid Data:
Mud Weight 125 PRg
Plastic Viscosity 165 cp
Yield Point Stress 9 Ibf100 sq. ft
1600
Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ib/ftw/ 29" 1D & Wall Thicknes
Inside Drill String Annulus Except Return Lin
ID, inch Length, ft 0D, inch 1D, inch Length, ft
4.276 6500 29 5 1500
4276 1600 1225 5 1600
3 600 1225 55 600
3.25 300 1225 g 300
Return Line & Control Lines Data
5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of return line,_ ft
Water Data & Others: Seaf
5000 Water Depth, ft
6500 Depth of last Casing from sea level, ft
Kick Data:
208 Amount of Formation Over Pressure, psi
50 Pit Gain Warning Level, bbls

Fig. C20 — Input Data Run #20
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Run Number: 21

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 5000 ft

Well Depth: 6000 ft

Kick Size: 045 PRg

Pit Gain Warning: 10 bbl

Fluid Data:

Mud Weight 14 PRg

Plastic Viscosity 21 cp

Yield Point Stress 9 IbfA100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ib/ft w/ 29" |D & Wall Thicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch  ID,inch Length, f
4276 6500 29 5 1500
4276 3600 12.25 ] 3600

3 600 12.25 55 600
3.25 300 12.25 B 300

Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of retumn line, ft

Water Data & Others: Seaf
5000 Water Depth, ft

6500 Depth of last Casing from sea level, ft

Kick Data:

156 Amount of Formation Over Pressure, psi

10 Fit Gain Warning Level, bbls

Fig. C21 — Input Data Run #21
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Run Number: 22

Kick Type: Gas

Casing Seat: 1500 fi

Water Depth: 5000 ft

Well Depth: 6000 fi

Kick Size: 045 PPd

Pit Gain Warning: 50 bhl

Fluid Data:

Mud Weight 14 PRg

Plastic Viscosity 21 cp

Yield Point Stress 9 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ibftw/ 29" 1D & Wall Thickne:
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch ID, inch Length, ft
4276 6500 28 5 1500
4276 3600 1225 5 3600

3 600 1225 55 600
3.25 300 1225 8 300
Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, fi
5000 Vertical depth of return line, ft

Water Data & Others: SeaF
5000 Water Depth, ft

6500 Depth of last Casing from sea level, ft

Kick Data:

156 Amount of Formation Qver Pressure, psi

50 Pit Gain Warning Level, bbls

Fig. C22 — Input Data Run #22
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Run Number: 23

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 5000 ft

Well Depth: 6000 ft

Kick Size: 1 PRY

Pit Gain Warning: 10 bbl

Fluid Data:

Mud Weight 14 PPg

Plastic Viscosity 21 cp

Yield Point Stress 9 Ibf100 sq. f

Well Geometry Data: Conductor Pipe =30"0D0, 157.53 Ib/ftw' 29" 1D & Wall Thicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft QD,inch 1D, inch Length, ft
4276 6500 29 5 1500
4276 3600 1225 5 3600

3 600 1225 85 600
3.25 300 1225 g 300
Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of return line, ft

Water Data & Others: Seaf
5000 Water Depth, ft

6500 Depth of last Casing from sea level, ft

Kick Data:

312 Amount of Formation Over Pressure, psi

10 Pit Gain Warning Level, bhls

Fig. C23 — Input Data Run #23
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Run Number: 24

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 5000 ft

Well Depth: 6000 ft

Kick Size: 1 PRg

Pit Gain Warning: 50 bbl

Fluid Data:

Mud Weight 14 PRg

Plastic Viscosity 21 cp

Yield Point Stress 9 IbfA100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ib/ft w/ 29" |D & Wall Thicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch  ID,inch Length, f
4276 6500 29 5 1500
4276 3600 12.25 ] 3600

3 600 12.25 55 600
3.25 300 12.25 B 300

Return Line & Control Lines Data

5000 Measured length of return line from subsea pump to surface, ft
5000 Vertical depth of retumn line, ft

Water Data & Others: Seaf
5000 Water Depth, ft

6500 Depth of last Casing from sea level, ft

Kick Data:

312 Amount of Formation Over Pressure, psi

50 Fit Gain Warning Level, bbls

Fig. C24 — Input Data Run #24
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Run Number: 25

Kick Type: Gas

Casing Seat: 1500 fi

Water Depth: 10000 fi

Well Depth: 2000 ft

Kick Size: 045 PRY

Pit Gain Warning: 10 bbl

Fluid Data:

Mud Weight 8.8 PRY

Plastic Viscosity 5 cp

Yield Point Stress 17 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe = 30" 0D, 157.53 |b/ft w/ 29" |D & Wall Thicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch  1D.inch Length, f
4276 11100 29 5 1100

3 400 25 5.5 400

3 200 12.25 5.5 200
3.25 300 12.25 8 300
Return Line & Control Lines Data

10000 Measured length of return line from subsea pump to surface, ft
10000 Wertical depth of return line, fi

Water Data & Others: Seal
10000 Water Depth, ft

11500 Depth of last Casing from sea level, ft

Kick Data:

52 Amount of Formation Over Pressure, psi

10 Fit Gain Waming Level, bbls

Fig. C25 — Input Data Run #25
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Run Number: 26

Kick Type: Zas

Casing Seat: 1500 ft
Water Depth: 10000 ft
Well Depth: 2000 ft
Kick Size: 0.5 FPg
Pit Gain VWarning: il bbl
Fluid Data:

hud Weight 58 EPg
Plastic Viscos ity 5 o
Yield Point Stress 7 ef100sg. f

Well Geometry Data: Conductor Pipe= 30" OO, 157.53 Ift w' 28¢ ID &Wall Thidkness of O

Insige Drill String Annulus Bxcept Return Lin

1D, inch Length, ft 0D, inch 10, inch Length, ft
4275 11100 2 5 1100

3 400 2 55 400

3 200 1225 55 200
335 200 1225 ] 300

Retum Line & Control Lines Data

10000 hessured kength of return line from subsea pump tosurface, ft

10000 ertical depth of return ling, ft

Water Data & Others: Sea Floor I

10000 ‘Water Depth, ft Prass

11800 Oepth of last Casing from sea level, ft a
350

Hick Data:

52 Amount of Formation Over Presswure, psi

50 Pit Gain Warning Level, bbis

Fig. C26 — Input Data Run #26
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud Weight
Plastic Viscosity
Yield Paoint Stress

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 [bftw/ 29" ID & Wall Thicknes:

Inside Drnll String
ID, inch

4276

3

3

325

Return Line & Control Lines Data

27

Gas
1500
10000
2000
1
10

g8
b
17

Length, ft
11100

400
200
300

10000
10000

Water Data & Others:

10000
11500

Kick Data:
104
10

=

PpPa
bbl

PPg
cp
Ibf/100 sq. ft

Measured length of return line from subsea pump to surface, ft
Vertical depth of return line, ft

Water Depth, ft
Depth of last Casing from sea level, fi

Amount of Formation Qver Pressure, psi
Pit Gain Warning Level, bbls

Fig. C27 — Input Data Run #27

Annulus Except Return Lin

125



Run Num ber:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Waming:

Filuid Data:

Mud Weight
Plastic Vizcosity
ield Point Stress

We il Geometry Data:

Inzide Dnll String
IO, inch

4275

3

3

325

Retum Line & Control Lines Data

8.8

C

17

Length, it

11100
400
200
300

10000
10000

Water Data & Others:

10000
11500

Kick Data:
104
50

PRG

cp
IEf100 =q. &

Conductor Pipe = 30" OD, 157.53 b/t w 25" 1D & Wall Thicknes
Annuluz Except Return Lin
ID, inch Length, fi

Meazured length ofreturn line from subsea pump to surface,
“ertical depth of return ling, fi

VWater Depth, ft
Depth oflast Casing from sea level, fi

Amount of Form ation Over Pressure, pei
Pit Gain Warning Level, bblz

Fig. C28 — Input Data Run #28
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Daia:

Mud Weight
Plastic Viscosity
Yield Point Stress

Well Geometry Data: Conductor Pipe =30" QD, 157 53 Ibft w/ 29" ID & Wall Thickne:
Annulus Except Return Lin

Inside Drill String
1D, inch

4276

4276

3

3.25

Return Line & Control Lines Data

29

Gas
1500
10000
4000
04
10

Length, ft

11500
1600
600
300

10000
10000

Water Data & Others:

10000
11500

Kick Data:
104
10

=

PP
bbl

PPg
cp
/100 =q. ft

Measured length of return line from subsea pump to surface, ft
Vertical depth of return line, ft

Water Depth, ft
Depth of last Casing from sea level, ft

Amount of Formation Cver Pressure, psi
Pit Gain Warning Level, bbls

Fig. C29 — Input Data Run #29
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Run Number:

Kick Type:
Casing Seat;
Water Depth;
Well Depth;

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud Weight
Plastic Viscosity
Yield Foirt Stress

Well Geometry Data:
Inside Drill String

1D, inch

4 276

4 276

3

3.25

30
Gas
1500 ft
10000 ft
4000 ft
05 ppg
0 a4
125 PRg
16.5 ()
g |f100 sq. ft

Conductor Pipe = 307 OD, 157.53 Ibftwi 297 1D &Wall Thicknes
Annulus Except Return Lin

Length, ft 0D, inch 1D, inch  Length, ft
11500 29 5 1500
1600 12.25 5 1600
GO0 12.25 5.5 GO0
300 12.25 a 300

Return Line & Control Lines Data

10000
10000

Warer Data & Others:
10000
11500

Kick Data:
104
50

Measured length of return line from subsea pumpto surface, fi
Yertical depth of return line, ft

Seal
Water Depth, ft
Depth of lag Casing from sea level, fit

Amount of Formation Ov er Pressure, ps
Pit Gain Warning Level, bhls

Fig. C30 — Input Data Run #30
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Run Number: 31

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 10000 ft

Well Depth: 4000 ft

Kick Size: 1 PRg

Pit Gain Warning: 10 bbl

Fluid Data:

Mud Weight 12.5 PRg

Plastic Viscosity 16.5 cp

Yield Point Stress 9 IbfA100 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ib/ft w/ 29" |D & Wall Thicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch  ID,inch Length, f
4276 11500 29 5 1500
4276 1600 12.25 ] 1600

3 600 12.25 55 600
3.25 300 12.25 B 300
Return Line & Control Lines Data

10000 Measured length of return line from subsea pump to surface, ft
10000 Vertical depth of retumn line, ft

Water Data & Others: Seaf
10000 Water Depth, ft

11500 Depth of last Casing from sea level, ft

Kick Data:

208 Amount of Formation Over Pressure, psi

10 Fit Gain Warning Level, bbls

Fig. C31 — Input Data Run #31
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Run Number: 32

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 10000 ft

Well Depth: 4000 ft

Kick Size: 1 PRY

Pit Gain Warning: 50 bhl

Fluid Data:

Mud VWeight 12.5 PPa

Plastic Viscosity 16.5 cp

Yield Point Stress 9 IbfA00 sq. ft

Well Geometry Data: Conductor Pipe =30" 00, 1567.53 |b/ftw/ 29" ID & Wall Thicknes
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft 0D, inch ID,inch Length, ft
4276 11500 25 5 1500
4276 1600 12.25 5 1600

3 600 12.25 5.5 600
3.25 300 12.25 8 300
Return Line & Control Lines Data

10000 Measured length of return line from subsea pump to surface, ft
10000 Wertical depth of return line, ft

Water Data & Others: Seaf
10000 Water Depth, ft

11500 Depth of last Casing from sea level, ft

Kick Data:

208 Amount of Formation Over Pressure, psi

50 Fit Gain Warning Level, bbls

Fig. C32 — Input Data Run #32
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud Weight
Plastic Viscosity
Yield Point Stress

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ibftw/ 29" ID & Wall Thickne:

Inside Drill String
1D, inch

4276

4276

3

3.25

Return Line & Control Lines Data

33

Gas
1500
10000
6000
04
10

14
21
9

Length, ft
11500

3600
600
300

10000
10000

Water Data & Others:

10000
11500

Kick Data:
156
10

-

PPg
bb

PPY
cp
Ibf/100 sq. f

Measured length of return line from subsea pump to surface, ft
Wertical depth of return line, ft

Water Depth, ft
Depth of last Casing from sea level, ft

Amount of Formation Over Pressure, psi
Pit Gain Warning Level, bbls

Fig. C33 — Input Data Run #33

Annulus Except Return Lin
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Run Number:

Kick Type:
Casing Seat:
Water Depth;
Well Depth:

Kick Size:

Pit Gain Waming:

Fluid Data:

Mud Weight
Plastic Viscosity
Yield Point Stress

34

Gas
1500 ft
10000 ft
G000 ft

05 PPa

50 a4

14 PP

21 p

g |bf100 sq. ft

Well Geometry Data: Conductor Pipe =307 0D, 157.53 Ibft wi 297 ID & Wall Thickness

Inside Drill String

Annulus Except Return Lin

|0, inch Length, ft 00, inch 1D, inch  Length, ft
4 276 11500 29 5 1500
4 276 3600 12.25 5 3600
3 Go0 12.25 55 Go0
325 300 12.25 a 300

Return Line & Control Lines Data

10000 Measured length of return line from subsea pump to surface, ft
10000 Yertical depth of return line, ft

Warter Data & Others: SeaFlc
10000 Water Depth, ft P
11500 Depth of last Casing from sea level, ft

Kick Data:

156 Amount of Formation Over Pressure, psi

50 Pit Gain Warning Level, bhbls

Fig. C34 — Input Data Run #34
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Run Num ber: 35

Kick Type: Gas

Casing Seat: 1500 ft
Water Depth; 10000 ft
Well Depth: G000 ft
Kick Size: 1 pPa
Pit G ain Warning: 10 bl
Fluid Data:

Mud Weight 14 pPpg
Plastic Viscosity 21 cp
Yield Point Stress g IBfi100 =q. f

Well Geometry Data: Conductor Pipe =307 0D, 157.53 Ib/ftw 297 ID & Wall Thickness of 0.57

Inside Drill String Annulus Except Return Lin

10, inch Length, ft 0D, inch 1D, inch  Length, ft
4276 11500 249 5 1500
4. 276 3600 12.25 5 3600

3 G600 12.25 5.5 G600
325 200 12.25 a 200

Retum Line & Controf Lines Data

10000 Measured length of return line from subsea pump to surface, ft

10000 W ertical depth of return line, ft

Warer Data & Others: Sea Floor (Mud

10000 Water Depth, ft FPressure

11500 Depth of last Casing from sea level, ft 0
35000

Kick Data:

32 Amount of Formation Over Pressure, psi

10 Fit Gain Warning Level, bhbls

Fig. C35 — Input Data Run #35
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Run Number: 36

Kick Type: Gas

Casing Seat: 1500 ft

Water Depth: 10000 ft

Well Depth: 6000 ft

Kick Size: 1 PRg

Pit Gain Warning: 50 bbl

Fluid Data:

Mud Weight 14 PRY

Plastic Viscosity 21 cp

Yield Point Stress 9 IbfA00 sq. ft

Well Geometry Data: Conductor Pipe =30" 0D, 157 53 Ibftw/ 29" ID & Wall Thickness
Inside Drill String Annulus Except Return Lin

ID, inch Length, ft 0D, inch 1D, inch Length, ft
4.276 11500 29 b5 1500
4276 3600 12.25 5 3600

3 600 12.25 55 600

3.25 300 12.25 8 300
Return Line & Control Lines Data

10000 Measured length of return line from subsea pump to surface, ft
10000 Vertical depth of return line, ft

Water Data & Others: Sea Flot
10000 Water Depth, ft Pr
11500 Depth of last Casing from sea level, ft

Kick Data:

312 Amount of Formation Over Pressure, psi

50 Pit Gain Warning Level, bbls

Fig. C36 — Input Data Run #36
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APPENDIX D

SIMULATOR INPUT DATA — SET #2

Run Number: cs1

35000

Kick Type: Gas

Casing Seat: 200 ft

Water Depth: 3000 ft

Well Depth: 2000 ft

Kick Size: 1 ppg

Pit Gain Warning: 50 bhbl

Fluid Data:

Mud Weight 8.8 ppg

Plastic Viscosity 5 cp

Yield Point Stress 17 Ibfi100 sq. ft

Well Geometry Data: Conductor Pipe = 36" w/ 34" ID & 1" wall thickness - 373.50 |b/ft
Inside Drill String Annulus Except Return Lin

1D, inch Length, ft QD,inch | 1D, inch | Length, ft

4276 3200 34 5 200

4276 900 12.25 5 900

3 600 12.25 5.5 600

325 300 12.25 g 300

Retwurn Line & Control Lines Data

3000 Measured length of return line from subsea pump to surface, ft
3000 ertical depth of return line, ft

Water Data & Others: Sea Floor (Mud Line)
3000 Water Depth, ft FPressure
3200 Depth of last Casing from sea level, ft 0
Kick Data:

104 Amount of Formation Over Pressure, psi

50 Pit Gain Warning Level. bbls

Fig. D1 — Input Data Runs CS1la and CS1b
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Run Number:

Ccs2

Kick Type: Gas

Casing Seat: 2000 ft
\Water Depth: 3000 ft
Well Depth: 4200 ft

Kick Size: 1 ppg

Pit Gain \Warning: 50 bhbl
Fluid Data:

Mud Weight 129 ppa
Flastic Viscosity 17.5 cp
Yield Point Stress 9 1bfi100 sq. ft

136

Well Geometry Data: Conductor Pipe = 30°w/ 287 ID & 1" wall thickness - 309.72 Ib/ft

Inside Drill String Annulus Except Return Lin

1D, inch Length, ft QD,inch | ID,inch | Lenagth, ft

4276 5000 28 5 2000

4276 1300 12.25 5 1300

3 500 12.25 55 600

325 300 12.25 g 300

Return Line & Control Lines Data

3000 Measured length of return line from subsea pump to surface, ft

3000 Vertical depth of return line, ft

Water Data & Others: Sea Floor (Mud Line)

3000 Water Depth, ft Fressure Depth

5000 Depth of last Casing from sea level, ft 0 3000
35000 3000

Kick Data:

218.5 Amount of Formation Over Pressure, psi

50 Fit Gain Warning Level, bbls

Fig. D2 — Input Data Runs CS2a and CS2b

Run Number: CcSs3

Kick Type: Gas

Casing Seat: 4200 ft
Water Depth: 3000 ft
Well Depth: 6000 ft

Kick Size: 1 (] o] ]

Pit Gain Warning: 50 hbl
Fluid Data:

Mud Weight 14 ppg
Plastic Viscosity 24 cp
Yield Point Stress 9 |bf100 sq. ft

Well Geometry Data: Conductor Pipe = 207w/ 18" ID & 1" wall thickness - 202 .92 Ib/ft
Annulus Except Return Lin

Inside Drill String

1D, inch Length, ft D, inch | Length, ft
4276 7200
4 276 900
3 600
3.25 300

Return Line & Control Lines Data

3000 Measured length of return line from subsea pump to surface, ft

3000 Vertical depth of return line, ft

Water Data & Others: Sea Floor (Mud Line)
3000 Water Depth, ft

7200 Depth of last Casing from sea level, ft

Kick Data:

312 Amount of Formation Over Pressure, psi

50 Pit Gain Warning Level, bhils

Fig. D3 — Input Data Runs CS3a and CS3b



Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud Weight
Plastic Viscosity
Yield Point Stress

Well Geometry Data: Conductor Pipe = 36" wi 347 1D & 17 wall thickness - 373.80 1bft
Annulus Except Return Lin
D, inch | Length, ft

Inside Drill String
1D, inch

Return Line & Control Lines Data
Measured length of return line fram subsea pump to surface, ft
Vertical depth of return line, ft

Warer Data & Others:

Kick Data:
104
50

Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud Weight
Plastic Viscosity
Yield Point Stress

Well Geometry Data: Conductor Pipe = 307w/ 287 ID & 17 wall thickness - 309.72 |bift
Annulus Except Return Lin
D, inch | Length, ft
2000
1300
500
300

Inside Drill String
1D, inch

Rewrn Line & Control Lines Data

Cs4

Gas

Length, ft

5200

Css

Gas
2000
5000
4200

1
50

12.9
17.5
9

Length, ft

7000

1300
600
300

Water Data & Others:

===

pPa
bbl

PRg
cp
IbF100 sq. ft

Water Depth, ft
Depth of last Casing from sea level, ft

Amount of Formation Over Pressure, psi
Pit Gain Warning Level, bbls

Fig. D4 — Input Data Runs CS4a and CS4b

RPa
cp
Ibf100 sq.

Water Depth, ft
Cepth of last Casing from sea level, ft

Amount of Formation Qver Pressure, psi
Pit Gain Warning Level, bbls

Fig. D5 — Input Data Runs CS5a and CS5b

Sea Floor (Mud Line)

Measured length of return line from subsea pump to surface, ft
“ertical depth of return line, ft

Sea Floor (Mud Line)
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Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud Weight
Plastic Viscosity
Yield Point Stress

Well Geometry Data: Conductor Pipe = 207w/ 187 ID & 17 wall thickness - 202.92 Ib/ft
Annulus Except Return Lin
1D, inch | Length, ft
4200

Inside Drill String
1D, inch

4276

4276

3

3.25

Return Line & Control Lines Data
Measured length of return line from subsea pump to surface, ft
Vertical depth of return line, ft

Water Data & Others:

Run Number:

Kick Type:
Casing Seat:
Water Depth:
Well Depth:

Kick Size:

Pit Gain Warning:

Fluid Data:

Mud Weight
Flastic Viscosity
Yield Point Stress

Well Geometry Data: Conductor Pipe = 36" w/ 34" ID & 1" wall thickness - 373.80 Ib/ft
Annulus Except Return Lin
D, inch | Length, ft

Inside Drill String
1D, inch

4,276

4276

3

3.25

Rewrn Line & Control Lines Data

24
F]

Length, ft

9200
200
600
300

Cs7

Gas
200
10000
2000
1
50

8.8
5
17

Length, ft

10200
900
600
300

10000
10000

Warter Data & Others:

10000
10200

Kick Data:
104
50

= =

ppg
bbl

ppg
cp
Ibfi100 sq. ft

‘Water Depth, ft
Cepth of last Casing from sea level, ft

Amount of Formation Over Pressure, psi
Pit Gain Warning Level, bbls

Fig. D6 — Input Data Runs CS6a and CS6b

= = =

PPa
bbl

PR3
cp
Ibfi100 sq. ft

‘Water Depth, ft
Cepth of last Casing from sea level, ft

Amount of Formation Over Pressure, psi
Pit Gain Warning Level, bbls

Fig. D7 — Input Data Runs CS7a and CS7b

900
600
300

Sea Floor (Mud Line)

200
900
600
300

Measured length of return line from subsea pump to surface, ft
Vertical depth of return line, ft

Sea Floor (Mud Line)
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Run Number: CSss8

Kick Type: Gas

Casing Seat: 2000 ft

Water Depth: 10000 ft

Well Depth: 4200 it

Kick Size: 1 (] o]}

Pit Gain Warning: 50 bhbl

Fluid Data:

Mud Weight 12.9 ppa

Flastic Viscosity 17.5 cp

Yield Point Stress 9 Ibfi100 sq. ft

Well Geometry Data: Conductor Pipe = 307w/ 287 1D & 1" wall thickness - 309.72 Ibft

Ingide Drill String Annulus Except Return Lin

1D, inch Length, ft QD, inch | 1D, inch | Length, fi

4276 12000 28 5 2000

4 276 1300 12.25 5 1300

3 500 12.25 5.5 500

3.25 300 12.25 g 300

Return Line & Control Lines Data

10000 Measured length of return line from subsea pump to surface, ft

10000 ‘ertical depth of return line, ft

Warter Data & Others: Sea Floor (Mud Line) L

10000 Water Depth, ft Pressure Depth

12000 Depth of last Casing from sea level ft 0 10000
35000 10000

Kick Data:

218.5 Amount of Farmation Over Pressure, psi

50 Fit Gain Warning Level, bbls

Fig. D8 — Input Data Runs CS8a and CS8b

Run Number: cs9

Kick Type: Gas

Casing Seat: 4200 ft

Water Depth: 10000 it

Well Depth: G000 it

Kick Size: 1 pRo

Pit Gain Warning: 50 hbl

Fluid Data:

Mud Weight 14 ppo

Plastic Viscosity 24 cp

Yield Point Stress 9 Ibf100 sq. ft

Well Geometry Data: Conductor Pipe = 20°w/ 18" 1D & 1" wall thickness - 202.92 |bift

Inside Drill String Annulus Except Return Lin

D), inch Length, ft Q0. inch | ID,inch | Length, ft

4 276 14200 18 5 4200

4 276 900 12.25 5 900

3 500 12.25 5.5 500

325 300 12.25 3 300

Return Line & Control Lines Data

10000 Measured length of return line from subsea pump to surface, ft

10000 ‘Vertical depth of return line, ft

Warer Data & Others: Sea Floor (Mud Line) C

10000 Water Depth, ft Fressure| Depth

14200 Depth of last Casing from sea level, ft 0 10000
35000 10000

Kick Data:

N2 Amount of Fermation Over Pressure, psi

50 Pit Gain Warning Level, bbls

Fig. D9 — Input Data Runs CS9a and CS9b



Depth, ft

1,000

2,000

3,000

4,000

5,000

5,000

7,000

2,000

5,000

10,000

APPENDIX E

PRESSURE @ TOP OF KICK GRAPHS — SET #1

Run 1 Pressure @ Top of Kick

Pressure, psi
0 1,000 2,000 3,000 4,000 5,000 6,000

l

\ Pressure @ Top of Kick

Sea Floor tMud Line)

N

N

Fracture Pressure
Pore Pressure

)

o~
T~

T

Fig. E1 — Pressure @ Top of Kick in Run 1
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Depih, ft

Depth, ft

1000

2000

3000

4000

5000

G000

To00

8000

5000

10000

1000

2000

3000

4000

000

8000

7000

&000

8000

10000

Run 2 Pressure @ Top of Kick

Pressure, ps
1000 2000 3000 4000 5000 5000
\ Pressure @ Top of Kick
Sea Floor (Mud Line)
\\ Fracture Pressure
Pore Pr&ssum\\
\-‘“
=
|—Sea Floor (Mud Ling) s===pgre P pgi ====Fraciure P, pei ==—DPreseure @ Top ufKick|
Fig. E2 — Pressure @ Top of Kick in Run 2
Run 3 Pressure @ Top of Kick
Pressure, psi
1000 2000 3000 4000 5000 8000

\Pressure@ Top of Kick

\ SeaFloor (Mud Line)

AN

\\:racture Pressure

Purem

o~
T~

]

T

|—Sea| Floor (Mud Ling) ====Pore P, psi ===Fradure P, psi ===Pressure @ Top ufKick|

Fig. E3 — Pressure @ Top of Kick in Run 3
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Depih, it

Depih, it

1000

2000

3000

4000

S000

G000

7000

2000

000

10000
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Run 4 Pressure @ Top of Kick

Pressure, psi
1000 2000 3000 4000 5000 6000

\Pressure @ Top of Kick

\ Sea Floor (Mud Line)

\\racture Pressure

Pore PrﬁsM

ey

\\
T~

T
|—Sea Floor (Mud Ling) ====Pgre P, pei ==Fraciure P, pai =Pressure @ Top ufKick|
Fig. E4 — Pressure @ Top of Kick in Run 4
Run 5 Pressure @ Top of Kick
Pressure, psi
1000 2000 3000 4000 5000 5000

1000

2000

\Pressure (@ Top of Kick

\ Sea Floor (Mud Line)

3000

4000

N

5000

~

G000

\K Fracture Pressure

7000

Pore PraN\

2000

8000

]

\\
T~

T

10000

|—5ea Floor (Mud Ling) ===Pore P, pai ===Fracturs P, psi ===Prezzure @ Top UfKiCkl

Fig. E5 — Pressure @ Top of Kick in Run 5




Run 6 Pressure @ Top of Kick

Pressure, psi
0 1000 2000 3000 4000 5000 §000
0
1000
\Pressure @ Top of Kick
2000
\ Sea Floor (Mud Line)
3000

\

Fracture Pressure

Depih, fit

~—
S000
\
10000
|—Sea Floor (Mud Ling) ==—=Pore P, pgi ===Fracture P, psi =P ressure @ Top UfKick|
Fig. E6 — Pressure @ Top of Kick in Run 6
Run 7 Pressure @ Top of Kick
Pressure, psi
1] 1000 2000 3000 4000 5000 G000
0
1000
Pressure @ Top of Kick
2000

\ Sea Floor (Mud Line)
3000
4000 \\
5000 ‘\;:::3::::::::§~.

\x Fracture Pressure
G000
Pore Presm\

7000
8000 \§

Depih,

T
Y

000

10000

|—Sea Floor (Mud Ling) ====Pgre P, pgi ==Fracture P, psi =—Prezsure @ Top ufKick|

Fig. E7 — Pressure @ Top of Kick in Run 7
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Depih, fit

Depih,

Run & Pressure @ Top of Kick

Pressure, psi
0 1000 2000 3000 4000 5000 G000
0
1000 L
\Pressure @ Top of Kick
2000
\ Sea Floor (Mud Line)
000
A000 \\
5000 \
\\ Fracture Pressure
G000
7000 Pore PrESSN\\\
G000
\""--.
S000
\
10000
|—Sea Floor (Mud Ling) ==—=Pore P, pgi ===Fracture P, psi =P ressure @ Top UfKick|
Fig. E8 — Pressure @ Top of Kick in Run 8
Run 9 Pressure @ Top of Kick
Pressure, psi
0 1000 2000 3000 4000 5000 5000
0
1000 k
\Pressure @ Top of Kick
2000
\ Sea Floor (Mud Line)
3000
4000 \\
5000 \ i
\\\chture Pressure
6000
7000 \&
Pore Pre;sure\\
8000
\\*
9000
T
10000

|—Sea Floor (Mud Ling) ====Pgre P, pgi ==Fracture P, psi =—Prezsure @ Top ufKick|

Fig. E9 — Pressure @ Top of Kick in Run 9
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Depih, fit

Depih, Ft

1000

2000

3000

4000

5000

6000

7000

2000

2000

10000

1000

2000

3000

4000

S000

6000

7000

2000

5000

10000

Run 10 Pressure @ Top of Kick

Pressure, ps

1000 2000

3000 4000 3000 8000

\Pressure @ Top of Kick

AN

SeaFloor (Mud Line)

A

AN—

N

Fracture Pressure
Pore Pressure

‘hiaaaa‘...;:j“h‘
=
|—Sea Floor (Mud Ling) ==—=Pore P, pgi ===Fracture P, psi =P ressure @ Top UfKick|
Fig. E10 — Pressure @ Top of Kick in Run 10
Run 11 Pressure @ Top of Kick
Pressure, ps
1000 2000 3000 4000 5000 8000

Pressure @ Top of Kick

Sea Floor (Mud Lineg)

\\ Fracture Pressure

)

Pore Pressure \N

T

|—Sea| Floor (Mud Ling) ====Pgre P, psi ===Fraciure P, psi ==Pressure @ Top UfKick|

Fig. E11 — Pressure @ Top of Kick in Run 11

145



Depth, 1t
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Run 12 Pressure @ Top of Kick

Pressure, psi
0 1000 2000 3000 4000 5000 5000
0 . L .
1000 k
\ Pressure @ Top of Kick
2000

\ Sea Floor (Mud Line)
3000
4000 \\

5000 \\\
B000 \\\
\&mcture Pressure
7000
Pore Pressure \\\
2000
\H
5000
]
10000
|—Sea Floor (Mud Ling) ====Pore P psi ===Fraciure P, psi ===Preszure @ Top uﬂ(id{|
Fig. E12 — Pressure @ Top of Kick in Run 12
Run 13 Pressure @ Top of Kick
Pressure, psi
0 1,000 2,000 3,000 4,000 5,000 5,000 7,000
0
2,000
Pressure @ Top of Kick
4,000
. \ Sea Floor (Mud Line)
£
B
& 6,000
8,000
Fracture Pressure
Pore Pressure
10,000
\"\\

|—Pure P, pgi ===Fracture P, pgi ==—=Px@DTop =Ceg Floor (Mud Line}|

Fig. E13 — Pressure @ Top of Kick in Run 13



Depih, it

2,000

4,000

8,000

10,000

2,000

4,000

8,000

8,000

10,000

Run 14 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4000 5,000 6,000 7,000

Pressure @ Top of Kick

SeaFloor (Mud Line)

Fracture Pressure

Pore Pressure

|—Pure P, psi ===Fracture P, psi =—=Px@Top ==Sea Floor (M ud Line}|

Fig. E14 — Pressure @ Top of Kick in Run 14

Run 15 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 6,000 7,000

Pressure @ Top of Kick

Sea Floor (Mud Line)

Fracture Pressure

Pore Pressure

\“\.

|—Pure P, pgi ===Fracture P, pgi ==——Px@Top ==Sea Floor (Mud Line}|

Fig. E15 — Pressure @ Top of Kick in Run 15
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Depih, Ft

10,000

Depih, Ft

2,000

4,000

Run 16 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4000 5,000 6,000

7,000

Pressure @ Top of Kick

6,000

\ Sea Floor (Mud Line)

2,000

Pore Pressure

Fracture Pressure

2,000

4,000

6,000

8,000

10,000

\“‘x

|—Pure P, psi ===Fracturs P, psi ===Px@Top ===Sea Floor (Mud Line}|

Fig. E16 — Pressure @ Top of Kick in Run 16

Run 17 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 6,000

7,000

Pressure @ Top of Kick

\ Sea Floor (Mud Line)

N

Pore Pressure

Fracture Pressure

\“\.

|—Pc|re P, psi ===Fracture P, pei ===Px@Top ==Sea Floor (Mud Line}|

Fig. E17 — Pressure @ Top of Kick in Run 17
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2,000

4,000

6,000

Depih, Ft

8,000

10,000

2,000

4,000

2,000

10,000

Run 18 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 8,000 7,000

Pressure @ Top of Kick

\ SeaFloor (Mud Ling)

A

Fracture Pressure

Pore Pressure

\“‘-\.

|—Pure P, psi ===Fracture P, psi ===Px@Top ===Sea Floor (Mud Line}

Fig. E18 — Pressure @ Top of Kick in Run 18

Run 19 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 6,000 7,000

Pressure (@ Top of Kick

\ SeaFloor (Mud Line)

N

Fracture Pressure

Pore Pressure

\\

|—Pc|re P, psi ==Fracture P, psi ===Px@Top ===Sea Floor (Mud Line}

Fig. E19 — Pressure @ Top of Kick in Run 19
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2,000

4,000

6,000

Depih, Ft

8,000

10,000

2,000

4,000

2,000

10,000

Run 20 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 8,000

7,000

Pressure @ Top of Kick

\ Sea Floor (Mud Line)

N

Fracture Pressure

Pore Pressure

\“‘-\.

|—Pure P, psi ===Fracture P, psi ===Px@Top ===Sea Floor (Mud Line}

Fig. E20 — Pressure @ Top of Kick in Run 20

Run 21 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 6,000

7,000

Pressure @ Top of Kick

SeaFloor (Mud Line)

/
AN

Pore Pressure

Fracture Pressure

|—Pc|re P, psi ==Fracture P, psi ===Px@Top ===Sea Floor (Mud Line}

Fig. E21 — Pressure @ Top of Kick in Run 21
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2,000

4,000

6,000

Depih, Ft

8,000

10,000

2,000

4,000

2,000

10,000

Run 22 Pressure @ Top of Kick

Pressure, psi

1,000 2,000 3,000 4,000 5,000 §,000 7,000

Pressure @ Top of Kick

SeaFloor {Mud Line)

[
AN

Fracture Pressure

Pore Pressure

|—Pure P, psi ===Fracture P, psi ===Px@Top ===Sea Floor (Mud Line}

Fig. E22 — Pressure @ Top of Kick in Run 22

Run 23 Pressure @ Top of Kick

Pressure, psi

1,000 2,000 3,000 4,000 5,000 6,000 7,000

Pressure @ Top of Kick

\ SeaFloor (Mud Line)

AN

Fracture Pressure
Pore Pressure

|—Pc|re P, psi ==Fracture P, psi ===Px@Top ===Sea Floor (Mud Line}

Fig. E23 — Pressure @ Top of Kick in Run 23
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Depih, Ft

Depih, ft

2,000

4,000

6,000

&,000

10,000

2,000

4,000

5,000

&,000

10,000

12,000

14,000

16,000

Run 24 Pressure @ Top of Kick

Pressure, psi

1,000 2,000 3,000 4,000 5,000 6,000 7,000

Pressure @ Top of Kick

\ SeaFloor (Mud Line)

AN

Fracture Pressure
Pore Pressure

|—Pure P, psi ===Fracturz P, psi ===Px@Top ===Sea Floor (Mud Ling)

Fig. E24 — Pressure @ Top of Kick in Run 24

Run 25 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3000 4,000 5,000 6,000 7,000 8,000 9,000 10,000

\

\ Pressure @ Top of Kick

AN

™~

Sea Floor (Mud Line) \

AN

Pore Pressure \\F rocture Pressure

.

|—Pure P, psi w===Fracture P, pgi s===pPx@Top ==Sea Floor (Mud Line}|

Fig. E25 — Pressure @ Top of Kick in Run 25
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Depih, ft

Depih, ft

2,000
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16,000

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

Run 26 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 §,000 7,000 8,000 9,000 10,000

.

\ Pressure (@ Top of Kick

™~

™~

Sea Floor (Mud Line) \

AN

Pore Pressure \\Ffacwre Pressure

S

|—Pc|re P, psi ===Fracture P, pai ==Px@Tep ===Sea Floor (Mud Line}|

Fig. E26 — Pressure @ Top of Kick in Run 26

Run 27 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5000 5,000 7,000 8,000 5,000 10,000

Pressure @ Top of Kick

™~

™~

Sea Floor (Mud Ling) \

AN

Pore Pressure \\Fra““re ressure

S

|—Pc|re P, psi ===Fracture P, psi ==Px@Top == Sea Floor (Mud Line}|

Fig. E27 — Pressure @ Top of Kick in Run 27




Depih, ft
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Run 28 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 §,000 7,000 8,000 9,000 10,000

2,000

\

4,000

\ Pressure (@ Top of Kick

6,000

AN

8,000

™~

10,000

Sea Floor (Mud Line)

12,000

14,000

Pore Pressure \\Ffacwre Pressure

16,000

S

2,000

4,000

6,000

&,000

Depih, Ft

10,000

12,000

14,000

16,000

|—Pc|re P, psi ===Fracture P, pai ==Px@Tep ===Sea Floor (Mud Line}|

Fig. E28 — Pressure @ Top of Kick in Run 28

Run 29 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000

§

\ Pressure @ Top of Kick

o~

~

Sea Floor (Mud Line)

Pore Pressure Fracture Pressure

S

|—Pure P, pai ==Fracture P, pei =Px@Top =Sea Floor (Mud Line}|

Fig. E29 — Pressure @ Top of Kick in Run 29



Depih, ft

2,000

4,000

5,000

8,000

Depih, ft

10,000

12,000

14,000

16,000

0

Run 30 Pressure @ Top of Kick

Pressure, psi

1,000 2,000 3,000 4,000 5,000 6,000

7,000 8,000 9,000 10,000

L

o~

Pressure @ Top of Kick

~
o~

Sea Floor (Mud Line)

Pore Pressure

\Fracture Pressure

S

|—Pure P, psi ===Fracture P, psi ===Px@Top ===Sea Floor (Mud Lin}

Fig. E30 — Pressure @ Top of Kick in Run 30

Run 31 Pressure @ Top of Kick

Pressure, psi

1,000 2,000 3,000 4,000 5,000 6,000

7,000 8,000 3,000

10,000

2,000

§

~

Pressure @ Top of Kick

4,000

5,000

N

&,000

10,000

Sea Floor (Mud Line)

12,000

\
e
AN

14,000

Pore Pressure

\F racture Pressure

16,000

.

|—Pure P, psi w===Fracture P, pgi s===pPx@Top ==Sea Floor (Mud Line}|

Fig. E31 — Pressure @ Top of Kick in Run 31
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Depih, ft
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Run 32 Pressure @ Top of Kick

1,000 2,000 3,000 4,000

Pressure, psi
5,000 §,000 7,000 8,000 9,000 10,000

2,000

N

4,000

\ Pressure (@ Top of Kick

6,000

~

8,000

10,000

12,000

Sea Floor (Mud Line) /

14,000

Pore Pressure

\Fracture Pressure

16,000

S

2,000

4,000

6,000

&,000

Depih, Ft

10,000

12,000

14,000

16,000

|—Pc|re P, psi ===Fracture P, pai ==Px@Tep ===Sea Floor (Mud Line}|

Fig. E32 — Pressure

@ Top of Kick in Run 32

Run 33 Pressure @ Top of Kick

1,000 2,000 3,000 4,000

Pressure, psi
5,000 6,000 7,000 8,000 9,000 10,000

N

\ Pressure @ Top of Kick

\
o~

Sea Floor (Mud Line)

Pore Pressure

\ Fracture Pressure

.

|—Pure P, pai ===Fracturs P,

psi = Py@Top ==Sea Floor (Mud Line}|

Fig. E33 — Pressure

@ Top of Kick in Run 33
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Run 34 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5,000 §,000 7,000 8,000 9,000 10,000

AN

\ Pressure (@ Top of Kick

o~

Sea Floor (Mud Line)

Pore Pressure Fracture Pressure

/i

N

|—Pc|re P, psi ===Fracture P, pai ==Px@Tep ===Sea Floor (Mud Line}|

Fig. E34 — Pressure @ Top of Kick in Run 34

Run 35 Pressure @ Top of Kick

Pressure, psi
1,000 2,000 3,000 4,000 5000 5,000 7,000 8,000 5,000 10,000

-

\ Pressure @ Top of Kick

o~

Sea Floor (Mud Line) /

/

Pore Pressure \\Fra““re ressure

N

|—Pc|re P, psi ===Fracture P, psi ==Px@Top == Sea Floor (Mud Line}|

Fig. E35 — Pressure @ Top of Kick in Run 35




Depih, ft
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4,000

6,000

8,000

10,000

12,000

14,000

16,000

1,000 2,

Run 36 Pressure @ Top of Kick

Pressure, psi
000 3,000 4,000 5,000 §,000 7,000 8,000 9,000

158

10,000

AN

\ Pressure (@ Top of Kick

o~

o~

Sea Floor (Mud Line)

S

Pore Pressure \ Fracture Pressure

.

|—Pc|re P, psi ===Fracture P, pai ==Px@Tep ===Sea Floor (Mud Line}|

Fig. E36 — Pressure @ Top of Kick in Run 36



PRESSURE @ TOP OF KICK GRAPHS — SET #2

APPENDIX F

3,000 ft Water Depth & Casing @ 200 ft BML

0

Pressure, psi
1000 1500

2000

2500

3000

500

1000

2\

1500

AN

AN

2000

ft

2500

N\

Depth

3000

3500

4000

4500

X~
N~
N

T~

5000

= Simulation Kick Data: 1 ppg - 50 bhbl
=—Pare P, psi
——Sea Floor (Mud Line)

= Simulation Kick Data: 0.5 ppg - 50 bbl

= Fracture P, psi

——Conductor Pipe = 36" w/ 34" |D & 1" wall thickness - 373.80 Ib/ft

Fig. F1 — Pressure @ Top of Kick in Runs CSla and$lb
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3,000 ft Water Depth & Casing @ 2,000 ft BML

Pressure, psi
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0
1000
2000 \\
3000
]
=
H \x\
2 4000 \
5000 X
7000 — ——
= Simulation Kick Data: 1 ppg - 50 bbl = Simulation Kick Data: 0.5 ppg - 50 bbl
—Pare P, psi ——Fracture P. psi
e 5ea Floor (Mud Line) = Conductor Pipe = 30" w/ 28" 1D & 1" wall thickness - 309.72 Ib/ft
Fig. F2 — Pressure @ Top of Kick in Runs CS2a and$2b
3,000 ft Water Depth - Casing @ 4,200 ft BML
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Fig. F3 — Pressure @ Top of Kick in Runs CS3a and$3b

160



161

5,000 ft Water Depth - Casing @ 200 ft BML
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—Pare P, psi =—Fracture P, psi
——3Sea Floor (Mud Line) ——Conductor Pipe = 36" w/ 34" ID & 1" wall thickness - 373.80 Ib/ft
Fig. F4 — Pressure @ Top of Kick in Runs CS4a and$2lb
5,000 ft Water Depth - Casing @ 2,000 ft EML
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Fig. F5 — Pressure @ Top of Kick in Runs CS5a and$5b
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5,000 ft Water Depth - Casing @ 4,200 ft BML
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Fig. F6 — Pressure @ Top of Kick in Runs CS6a and$5b

10,000 ft Water Depth - Casing @ 200 ft BML
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w—Sea Floor (Mud Line) = (Conductor Pipe = 36" w/ 34" ID & 1" wall thickness - 373.80 Ib/ft

Fig. F7 — Pressure @ Top of Kick in Runs CS7a andS$7b




Depth, ft

Depth, ft

10,000 ft Water Depth - Casing @ 2,000 ft BML
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Fig. F8 — Pressure @ Top of Kick in Runs CS8a and$3b
10,000 ft Water Depth - Casing @ 4,200 ft BML
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Fig. F9 — Pressure @ Top of Kick in Runs CS9a and$3b
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