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Application of Dual Gradient Technology to Top Hole Drilling

Executive Summary

Abstract

In 1996, three competing projects began aimed at mitigating many of the problems encountered
in ultra-deepwater drilling, including the narrow window between pore pressure and fracture
gradient, high riser loads, high deck loads, and high costs of drilling fluids, etc. These three
projects were conducted by Shell on a Submersible Pump System, Transocean on DeepVision,
and Hydril on the SubSea MudLift Drilling system in joint industry programs to develop the
technology known as dual gradient drilling. All three projects achieved a dual gradient by
placing a rotating diverter on top of the BOP stack, which diverted the mud returns from the
annulus to a set of seafloor pumps. These pumps then circulated the mud and cuttings back to the
rig via an external return line. The marine riser was filled with seawater rather than mud as in the
conventional case. After an enormous amount of time, energy, and money were spent to develop
dual gradient technology, a test well was drilled in the Gulf of Mexico by the members of the
SubSea MudLift Drilling Joint Industry Project in 2001.

In all three of these industry projects, the dual gradient drilling package was designed to be
emplaced after surface casing was set to manage the window between pore pressure and fracture
pressure, thus, extending the length of open hole sections between casing strings, and minimizing
mud costs. Although these systems lowered the riser loads with a water filled riser, the packages
were still designed to be employed on fifth generation drilling vessels using the existing riser
system. Because these projects focused on deeper portions of the wells, massive, elaborate, and
complex systems were developed.

One dual gradient drilling application that has not been fully studied is the potential benefit of
utilizing this technology in the top hole portion of the well. This would allow conductor and
surface casing to be set deeper (possibly with a smaller third generation floater), which would
allow safer drilling of the intermediate hole. Some of the hazards a THDG drilling system can
minimize include methane hydrates, shallow gas, and shallow water flows.

From the results of Phase | of this project, it is believed a Top Hole Dual Gradient (THDG)
drilling package would improve drilling safety by providing a mud circulating system which has
limited pressure control while drilling in a managed pressure drilling mode. THDG systems can
lead to better technology than the current “pump and dump” process currently utilized in top hole
drilling. An additional benefit of this technology is setting conductor and surface casing deeper
in HTHP deep gas well applications as well as in ultra deep water applications. By focusing
more attention on the top portion of the wellbore, smaller lighter and simpler drilling equipment
and facilities could be used to drill deeper water wells.

This report documents the results of our work on Phase | and includes one Master thesis, one
conceptual design report on the equipment that could be utilized, and three preliminary reports
on different concepts for equipment that could potentially be utilized.



Introduction

When starting a well, the operator needs to address and mitigate the shallow subsurface
geotechnical hazards that threaten the safety of the drilling unit prior to installation of the
blowout preventor (BOP). The purpose of the THDG package is to maintain the required
borehole pressure in a riserless (i.e., conventional drilling riser not used) drilling mode, using a
rotating head with a mechanical seafloor pump and mud return line to the ship to:

e Mitigate various pressure related geotechnical hazards at shallow penetration depths (e.g.,
pressured water and gas sands) by imposing the optimum circulating pressure and mud
rheology to improve wellbore stability and hole cleaning without increasing mud weight;

e Mitigate formation fracturing and mud loss by controlling the pressure on the wellbore, using
a seafloor pump either as an annular choke (i.e., to increase wellbore pressure) or as a mud
lift pump in riserless mode (i.e., to eliminate the hydrostatic pressure effect of the mud
column that would be in the riser);

e Reduce the seafloor pollution and loss of mud caused by the “pump and dump method;” and

e Reduce the number and size of casing strings required during drilling operations (i.e., by
extending casing setting depths to cover problem formations with fewer casings).

Tasks

This project was proposed to be conducted in three phases with Phase | being funded by the U.S.
Minerals Management Service through a contract with the Offshore Technology Research
Center. The proposed tasks for all three phases are listed below.

Phase I, Year 1

1. Benefits of THDG - TAMU-PETE will analyze the benefits of THDG drilling over
conventional riser and riserless (pump and dump) drilling. Even though some of this work has
been performed, a complete study has not been made, nor have the benefits been fully discussed
in industry publications. As part of our literature review, TAMU-PETE intends to gather
information on the advantages of published THDG cases, assess the results, and prepare
conclusions and recommendations. The results will be included in the final report to the MMS.
We will also analyze how dual gradient technology may benefit the industry while drilling in
known methane hydrate areas, artificially charged shallow marine sediments, and deep HTHP
gas wells on the shelf. Along with this analysis, TAMU-PETE will develop THDG procedures
that will mitigate these problems and will determine specifications for the equipment to
implement proposed procedures. We will utilize the TAMU well control simulator and dual
gradient hydraulics to study various kick scenarios that may be encountered while drilling these
areas. TAMU-PETE will also use the simulator to test proposed well control procedures.

2. Minimum THDG Equipment Requirements — TAMU-PETE will determine the minimum
equipment requirements for the THDG package, including any necessary pressure containment
equipment. After defining the problems that can be mitigated with a THDG package, TAMU-
PETE will provide comment on the specifications of the THDG package to TAMU-MEEN.

3. Define Mud Circulating System — TAMU will define the mud and circulating system
requirements. TAMU-PETE will determine the mud density range and rheological properties to
be utilized with the THDG package as well as the hydraulic and power requirements of the
circulating system. TAMU-PETE will be involved in designing the entire mud circulating




system, including surface mud pump requirements, drilling fluid properties, and mud cleaning
equipment.

4. Conceptual Engineering Design of Pumping Equipment — TAMU-MEEN will begin
conceptual engineering design of the equipment required to conduct THDG drilling, including
(1) the option of using only the dual gradient pump package in a balanced drilling mode and (2)
the option of drilling with a minimal (two barriers) BOP stack below the dual gradient pump
package has been completed. An industry consultant will be employed to refine the preliminary
design for well control and drilling operations.

5. Conceptual Engineering Design of the Riser System — TAMU-PETE will begin conceptual
engineering design of the riser (mud return line and power supply for a dual gradient pump
package) and associated running procedures for drilling riserless. TAMU-MEEN working with a
consultant will perform the preliminary engineering design of the riser.

6. Well Control and Drilling Procedures —- TAMU-PETE will begin to develop well control and
drilling procedures for THDG drilling. TAMU-PETE will develop drilling and well control
procedures for THDG drilling in parallel with the equipment design and testing. These
procedures will include contingencies for handling shallow water flows, hydrates, shallow gas,
and artificially charged formations below mudline sediments. TAMU-PETE will test these
procedures with the dual gradient hydraulic and drilling simulator developed at Texas A&M
University as part of the Subsea Mudlift Drilling JIP.

7. Solicit Industry Support for Phase Il and Ill — Project results available from the first 9
months of the project will be used as the basis for soliciting industry support through a JIP, an
organization such as the TAMU-PETE’s Chrisman Institute, or other arrangement. Aside from
the benefits of industry engagement and input, the industry will fund Phases Il and Il1. Initial
meetings with industry should be completed by 6 months and formal solicitation of support
should be completed 3 month before the end of Phase | in order to avoid/minimize any delay in
continuing the project with Phase Il and Ill. It is envisioned that the project team would hold a
meeting with industry as part of the solicitation process, and that the MMS will participate in that
meeting to indicate their interest and support for this project.

8. Report & Presentation on Current Phase - A report documenting the progress and results
completed in Phase | will be prepared. A presentation will be given to MMS staff in the GOM
Regional Offices in New Orleans.

PROJECT PLAN FOR PHASE II:

Scope of Work: A steering team will be formed to provide the project team with input, guidance,
and advice on project milestones, results, and plans though periodic meetings throughout Phases
Il & I1I. The steering team members will include representatives from industry supporters and
the MMS. Phase Il will include work on the following Tasks:

4. Conceptual Engineering Design of Pumping Equipment — The project team will complete
the conceptual engineering design of the pumping equipment required to conduct THDG drilling,
5. Conceptual Engineering Design of the Riser System — The project team will complete the
conceptual engineering design of the riser system (mud return line and power supply for a dual
gradient pump package) and associated running procedures for drilling riserless.

6. Well Control and Drilling Procedures — TAMU-PETE will complete the well control and
drilling procedures for THDG drilling. TAMU-PETE will develop drilling and well control
procedures for THDG drilling in parallel with the equipment design and testing.



8. Report & Presentation on Current Phase - A report documenting the progress and results
completed in Phase | will be prepared. A presentation will be given to MMS staff in the GOM
Regional Offices in New Orleans.

9. Risk Analysis — TAMU-PETE will begin a risk analysis on the equipment and the procedures
designed for this project. TAMU-PETE will perform a thorough HAZID and/or HAZOP on all
drilling and well control procedures developed for this project to maximize the probability of
success. When the risk associated with a procedure is too great, we will re-write or modify the
procedure to mitigate the risk to an acceptable level. If the mitigation results in more than a
minor change in equipment design or procedure, the risk analysis will be performed again. If
requested, TAMU-PETE will also be involved in the risk analysis on the equipment designed for
this project.

PROJECT PLAN FOR PHASE II1:

Scope of Work: Phase 111 will include work on the following tasks:

9. Risk Analysis - The project team will complete the risk analysis on the equipment and the
procedures designed for this THDG drilling system.

10. Develop Plan for Phase 1V - The project team, in consultation with the project steering team,
will develop a plan for the path forward for Phase IV to design, build, and field test a THDG
system, and solicit industry support to fund and conduct the field test.

11. Final Report - The project team will prepare the Final Report on the Project. The report will
provide a comprehensive documentation of all results completed in Phases I-11l. Write final
report. During the final year, the project team, MMS, and industry sponsors will determine the
path forward and funding opportunities to design, build and shop test the prototype equipment.
The project team will prepare the Final Project Report. The report will provide comprehensive
documentation of all results completed in Phases I-111 and the recommended path forward.

Phase | has been completed and this executive summary, attached thesis, and reports constitute
the final report for Phase I. Phase Il or Il have not begun nor does this report detail any work
beyond Phase I.

Results and Conclusions

Phase | of this project has been completed and is summarized with results and conclusions as
follows:

Task | — Benefits of Top Hole Dual Gradient.

One of the major obstacles in deepwater drilling is the presence of shallow hazards, of which
three could be mitigated by the implementation of Top Hole Dual Gradient drilling. The three
hazards that were studied are shallow gas, natural gas hydrates, and shallow water flows. A dual
gradient well control and hydraulics simulator was utilized to model kicks that could occur while
drilling through zones containing either hydrates, gas, or water in shallow below mudline
sediments. This was done to determine if kicks from these types of formations could be
successfully killed. The results of this task are detailed in the attached thesis by Brandee Elieff
entitled “Top Hole Drilling with Dual Gradient Technology to Control Shallow Hazards”

This work shows that a shallow kick could be circulated from the well with the use of dual
gradient technology. This technology negates the adverse effect of deep water on the pore
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pressure/fracture pressure window and makes the probability of successfully killing a shallow
kick nearly the same as a land well. The industry has successfully circulated many shallow kicks
on land wells with only a few hundred feet of surface casing set and there should be no reason
that this success rate could not be encountered utilizing THDG technology. The simulations
show that kicks with 1000’ or less of conductor casing can be successfully killed. The key factor
is early detection to minimize the size of the influx.

Task 2 - Minimum THDG equipment requirements and Task 3 — Design the mud circulating
system. These tasks have been completed and the results were passed on to the students in
Mechanical Engineering who were charged with Task 4 and 5. Minimum and maximum
circulation rates and pressures required to clean the wellbore and minimize hole enlargement are
specified in the attached reports.

It was determined that the exact mud type to use would need to be determined on a site specific
case to ensure that a mud compatible with the formation type and formation fluids would be
utilized. Current drilling technology (pump and dump) only allows the use of an expensive mud
such as gelled seawater to drill with until surface casing is set and the marine riser is in place.
THDG will return all mud back to the rig where drilled solids can be removed, the mud treated,
and re-circulated.

The use of an actual drilling fluid instead of gelled seawater will result in circulation rates that
are low enough where hole enlargement is minimized. Drilling fluids that are compatible with
the formations and formation fluids will not induce hydration of clays in the formations, and can
be designed to either inhibit hydrate formation in the wellbore and the disassociation of naturally
occurring hydrates that may be encountered. By drilling an in-gauge wellbore, the cement job on
conductor and surface casing has a much higher probability of success.

Task 4 — Conceptual Engineering Design of Pumping Equipment and Task 5 - Conceptual
Engineering Design of the Riser System. These tasks have been completed and are detailed in
the attached reports entitled:

1. “Top Hole Dual Gradient Drilling System,” by Amol Dixit and Chris Krueger

2. “Development of a Top Hole Dual Gradient Drilling System for Deep Sea Drilling that
Provides Unobstructed Path for Mud Return,” by Sukesh Shenoy, Amol Dixit, and
A.S.Nandagopalan

3. “Embodiment Design Report: Top Hole Dual Gradient Drilling,” by Chris
Dharmawijatno, Mahesh Sonawane, and Chris Krueger

4. “Top Hole Dual Gradient System: Submersible Mud Removal Unit,” by John Guinn,
Gerald Thomas, and Lauren Wiseman

Dr. Steve Suh of the Mechanical Engineering Department at Texas A&M University supervised
nine graduate students in a graduate Mechanical Engineering Design course. These students
were placed in three teams and each team was charged with the conceptual design of the subsea
pumping system, power system, and mud return system. Each team worked independently from
each other and their results are detailed in reports 2, 3, and 4 above.

Based on the these reports and on oral presentations, Dr. Steve Suh, Dr. Jerome Schubert and
Mr. Charlie Peterman picked the most likely of these three designs to be successful. Two of the
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nine Mechanical Engineering students (Amol Dixit and Chris Krueger) continued in the Spring
semester of 2006 to further refine the chosen conceptual design. The details of this work are
found in report number 1 above.

Task 6 — Well Control and Drilling Procedures. Well control procedures that were developed for
the Subsea Mudlift Drilling Joint Industry Project were tested with a dual gradient well control
simulator where it is determined that these kick detection, kick containment, and kick circulation
procedures are just as applicable as deep kicks when kicks are taken while drilling shallow
marine sediments if a THDG system is in place. The details can be found in the thesis by Elieff.

Task 7 — Solicit Industry Support for Phase Il and Ill. Negotiations with potential industry
partners are underway to determine the interest of the industry in pursuing Phase Il and I11.

From this work, the team has concluded:

1. A simplified design of the subsea pumping, and rotating equipment, and return riser is
conceivable and has been provided which would allow sufficient circulation rates and
pressure so that Top Hole Dual Gradient Drilling can be successfully implemented.

2. Dual gradient drilling technology is not beyond our reach. This technology has been
designed, engineered and field tested for feasibility. This technology has been successfully
applied to the top hole portion of a wellbore in a shallow water environment and in a
deepwater environment after conductor and surface casing have been set.

3. The riserless drilling simulator indicates that applying dual gradient technology to top hole
drilling, when used in conjunction with a proper casing program, successfully navigates the
narrow window between formation pore pressure and formation fracture pressure.

4. The results of simulation also leads to the conclusion that the dual gradient technology
applies safe well control methods while drilling the top hole portion and can control all three
major shallow hazards.

5. Riserless Dual Gradient Top Hole Drilling can result in:

- Rapid and accurate kick detection

- Safe Well Control Procedures

- Successful pore/fracture pressure window navigation
- Control over pressured shallow gas zones

- 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.

Data Utilized

The team based its work on actual pore pressure and fracture pressure gradients found in the
deepwater Gulf of Mexico. For parametric well control studies, the water depth was adjusted
with corresponding changes in pore pressure and fracture pressure to show that well shallow
below mudline kicks can be circulated successfully an virtually any water depth with the dual
gradient system.



Limitation to Our Study and Recommendations for future work

This work includes only conceptual design of equipment and a well control study conducted
through computer simulation. Detailed equipment design, building and testing prototypes in the
shop, refinement of well control and drilling procedures, and finally a field test on an actual well
will be required to advance this concept to a proven system that can be confidently used by
industry.
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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.



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.



Fig. 2 - Graphical Casing Selection in a Convential System

Fig. 3 - Graphical Casing Selection in a Dual Gradint System



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 typisgstem. The mud returns are moved,
from the wellhead by a rotating diverter, to a abpump 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 lihAn illustration of this system can be seeffrig. 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.

Fig. 5 - lllustration 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.
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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 28ntF180 °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.

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

This pump also acts as a check valve by prevenhtiaghydrostatic 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



20

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



31

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



37

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



39

Fig. 11 - Graphical Depiction of Modified Driller's Method*?

It is visible in Fig. 11, that the subsea pump ratgeases, 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.

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
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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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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.
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Fig. 21 - Graphical Casing Selection in 5000 ft Wat Depth
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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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'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.
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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

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.

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.



61

Fig. 28 - Flashing Pit Gain Warning Alarm

8. Monitor the annulus and formation pressures. Whese pressures are
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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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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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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Simulation Results Analysis Procedure
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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.

|E1 Plot the Results vs. Time (minutes) E]

Main Menu  Print Screen Help

l:l:l [binimuin, M aximum] of =-axis [min] l:l:l (Mirimurm, b aximum)] of - axis Re-Plot
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1.67 1} . . . 3 3
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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.
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Run 17 Pressure @ Top of Kick

Pressure, psi
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|—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.

Wellbore & Subsea Pump Pressures
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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.

3,000 ft Water Depth - Casing @ 4,200 ft BML
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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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= Simulation Kick Data: 1 ppg - 50 bbl = Simulation Kick Data: 0.5 ppg - 50 bbl
—Pare P, psi = Fracture P, psi
= Sea Floor (Mud Line) = Conductor Pipe = 20" w/ 18" ID & 1" wall thickness - 202.92 Ib/ft

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
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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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w—Pore P psi === Fracture P. psi
= Sea Floor (Mud Line) === Conductor Pipe =36" w/ 34" ID & 1" wall thickness - 373.80 Ib/ft

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.
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bbl
BHP
BML
BOP
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DOE
DGTHDS
DS
DSV
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gpm
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IADC
ID
JIP

Ibf/100 sq.ft

87

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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APPENDIX A

SIMULATOR INPUT FLOWCHARTS

Fig. A1 — Simulation Set #1 Flowchart

v6



Fig. A2 — Simulation Set #2 Flowchart

G6



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
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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
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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

130



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

142

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
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Depth, 1t

146

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
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Fig. E19 — Pressure @ Top of Kick in Run 19
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Fig. E20 — Pressure @ Top of Kick in Run 20
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150



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
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Fig. E26 — Pressure @ Top of Kick in Run 26
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Fig. E28 — Pressure @ Top of Kick in Run 28
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Fig. E34 — Pressure @ Top of Kick in Run 34
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PRESSURE @ TOP OF KICK GRAPHS — SET #2

APPENDIX F

3,000 ft Water Depth & Casing @ 200 ft BML
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3,000 ft Water Depth & Casing @ 2,000 ft BML
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5,000 ft Water Depth - Casing @ 200 ft BML
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Final Design — {Dixit, Krueger} Spring 2006

Glossary
The following terms are taken from the need statement, and required further definition to

more clearly express the need.

Deep-Sea — This design will have to function in a marine environment with high
pressure, low temperature, sub-sea currents, ecological considerations, differing water
compositions, and must be mindful of local geology and geography.

Drilling Package — This is the system used to drill the hole through the ocean floor,

including the extra equipment needed or to be discarded to perform the need, such as a
power source, risers, valves, pumps, and/or new redesign of current equipment, such as
the BOP, etc.

Top Hole Dual Gradient (THDG) Technology — Dual Gradient drilling technology

involves drilling with a mud hydrostatic pressure gradient below the mudline, with a
seawater hydrostatic pressure gradient in the riser above the mudline. Currently, Dual
Gradient drilling technology is not able to be used in drilling operations for the first two
layers of casing, including the structural and conductor casing strings.

Petroleum Well-bores — A sub-surface drilled hole concentrically encased in a series of

fabricated casings and filled cement that is subject to extreme pressures, temperatures,
and corrosive environments, for the extraction of petroleum. Casing is set based on the
envelope provided between the pore and fracture pressure of the surrounding reservoir.

Optimal Amount of Materials — Currently, in order to drill deeper holes, larger rigs and

equipment are needed to overcome the huge stresses and pressures involved. If THDG is
employed, some of the equipment may be able to be designed at a smaller scale, thus
saving money and material, and increasing the operable range of drilling operations.
Integration — It is reasonable to conclude that any THDG system will be best
implemented if it can be easily integrated to the fullest extent possible with existing
drilling packages.

Interface — Each component of the system (BOP, pump, wellbore, etc.) must be able to
interface with adjoining components effectively and efficiently, so as to provide for
continuous mud-return with minimal losses throughout the entire system.

Current Capacity — Offshore drilling is capable now of drilling in 12,000 feet of water.
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Introduction

Dual Gradient drilling began with Shell Oil company’s Marine Technology Group
in the 1960’s with their 3000 ft. Feasibility Study”, where the beginnings of some of this
technology were first conceptualized. In 1996, Conoco, Hydril, and 23 other companies
conducted a “Riserless Drilling Feasibility Study”, followed by the 1997 “Gas Lift
Feasibility Report” conducted by Petrobras and LSU.

Currently, several projects are underway that in some way relate to Dual Gradient
technology. One such project is Deep Vision, which is a collaborative effort amongst
Baker-Hughes, BP, Chevron, and Transocean. This project utilizes a subsea centrifugal
pump to circulate the mud through a mud-return line back to the drilling platform, which
is then pumped back down the hole to circulate drilling products. Another project utilizes
a sub sea pump to pump the mud back up the riser.

Mineral Management Services (MMS), would like to explore other methods of
Dual Gradient technology, specifically a method or design which would implement Top
Hole Dual Gradient technology, in which a dual pressure gradient would be employed
when drilling the first two intervals of a petroleum well. It is hoped that such a system
will make sub-sea drilling operations more efficient, less costly, and faster.

MEEN 632 was given the task of designing the mud-return system for THDG,
including the pumping system, power source, and mud-return, among other things, in the
Fall of 2005. 3 teams developed several concepts and presented final designs to MMS
for those specific aspects of THDG assigned to MEEN. These designs were met with
great enthusiasm, and it was desired that Mechanical Engineering continue it’s work and
develop the design of THDG further to include designing the THDG system below the
wellhead, to include redesigning the casing structure for the different pressure gradient,
among other variables, and providing specific interfaces between the wellhead and the
pumping system and the drilling vessel, so that continuous mud-return throughout the
entire system might be possible. MEEN expects to have developed and presented

conceptual designs and a final design of this task to MMS by May of 2006.
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Need Statement

Upon initially reviewing the problem and accompanying material, the team began
to immerse themselves in the knowledge of deep-sea petroleum drilling to better
understand the situation in which the problem was presented. After gaining a deeper
understanding of the material, the team was able to apply that knowledge to the need

presented, and the following need statement was developed:

“There is a need for a deep-sea drilling package that utilizes Top Hole Dual Gradient
Technology to safely drill petroleum wellbores at a depth to exceed current capacity

using an optimal amount of materials.”

Another need statement developed by another team member covered other

principles not covered by the above need statement.

“There is a need to design a system of device enabling the use of Top Hole Dual
Gradient Technology, providing mud return, and enabling the ease of integration with

the existing drilling rig equipment.”

Additionally,

“There is a need for the development of a Top Hole Dual Gradient system for deep sea

drilling and unobstructed path for mud return.”

It was felt that all need statements covered points that should be included in a
final need statement, from general descriptions to specific functions, which led the team
to simply combine the need statements. This yielded the teams final need statement.

“There is a need for a petroleum well-bore design and corresponding interfaces with
the mud-return pump and drilling vessel for a deep-sea drilling package, utilizing Top
Hole Dual Gradient Technology to safely drill for petroleum at ocean depths exceeding
current capacity using an optimal amount of material, while providing for maximum

integration with the existing drilling package.”
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Function Structure

There is a need for a petroleum well-bore design and corresponding
interfaces with the mud-return pump and drilling vessel for a deep-sea
drilling package, utilizing Top Hole Dual Gradient Technology to safely
drill for petroleum at ocean depths exceeding current capacity using an
optimal amount of material, while providing for maximum integration with

the existing drilling package.

Function 1

Maintain a
regulated
pressure
differential
between sea
water and
drilling mud

Function 2

Provide an
unobstructed
mud return
path.

Function 3

Provide
interface
through the
well-bore,
BOP, and the

pump.

Function 4

Provide
interface
between mud-
return line and

drilling vessel.

Figure 1. Primary Function Structure

Function 5

Provide for a
well-bore
capable of
integrating and
operating
efficiently with a
dual gradient
drilling system.
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Maintain a regulated pressure differential between sea

water and drilling mud

F1.1
Monitor the flow rate

F1.2
Maintain the desired flow rate.

F121
Provide good sealing characteristics.

F1.2.2
Prevent deformation of circulation
equipment.

F123
Supply energy in the event of a pressure
drop.

Figure 2: Function 1

Table 1: Function 1 — Design Parameters and Constraint Requirements

Function Design Parameter Constraint Requirement
number
: Maximum Allowable Pressure
1.1 Flow velocity. .
Difference

1.2.1 Drilling Mud Pressure Material of seal

1.2.2 Strain Maximum Allowable Strain, Material

1.2.3 Power Capacity of power supply
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F2 Provide an unobstructed mud return
path.

F21
Prevent flow restriction

F21.1

Provide good sealing
characteristics to prevent

F22

leakage.

Provide adequate filtering for
impurities.

F21.2
Minimize sudden change in
cross-sectional area.

F21.3
Minimize frictional resistance
to flow.

Figure 3: Function 2

Table 2: Function 2 — Design Parameters and Constraint Requirements

Function number Design Parameter Constraint Requirement
2.1.1 Size of impurities Maximum permissible size
2.1.2 Diameter Tolerance
2.1.3 Surface Finish Manufacturing process
2.2 Drilling Mud Pressure Material
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Provide interface through the well-bore, BOP and the pump.

F3.1

Provide for connection between

BOP and pump

F3.2

Provide for connection between

BOP and well-bore

F33.1
Withstand stresses due
to ocean currents.

F3.3

Withstand heavy loads.

F 3.4

Provide good sealing

characteristics.

F3.32
Withstand internal and

external fluid pressure.

Figure 4. Function 3

Table 3: Function 3 — Design Parameters and Constraint Requirements

Function number

Design Parameter

Constraint Requirement

Permissible linear and angular

3.1 Connection type. misalignment,

3.2 Connection type. Sealing capability, misalignment, size
331 Stress, Tension. Size, Material.
3.3.2 Pressure. Maximum allowable pressure.

3.4 Type of seal. Material of seal.
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Provide interface between mud
return line and drill ship.

F4.1

Provide a device to
connect drill ship and
mud return line.

F4.2

Withstand stresses due
to weight of drill string,
ocean currents.

F4.3
Provide adequate

sealing characteristics.

Figure 5: Function 4

Table 4: Function 4 — Design Parameters and Constraint Requirements

Function number

Design Parameter

Constraint Requirement

4.1

Connection type.

Permissible angular and linear
misalignment.

4.2

Stress due to weight of
drill string, tension
and ocean currents.

Permissible stress level.

4.3

Type of seal,
Clamping Pressure.

Material of the seal.
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Provide for a well-bore capable of integrating and
operating efficiently with a dual gradient drilling system

F5.1 F5.2

Set conductor casing deeper than Maintain casing pressure within the

conventional drilling system. envelope bounded by pore and
fracture pressure

Figure 6: Function 5

Table 5: Function 5 — Design Parameters and Constraint Requirements

Function number Design Parameter Constraint Requirement
5.1 Conductor casing size Optimum mud pressure
5.2 Stress, return line Size, Material, permissible stress level.
pressure
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Overall System Description

Drilling fluid, or mud, is introduced to the system on the drilling vessel through
the drillstring. The mud then flows down the drill string and through the drill bit as it is
drilling, acting as a lubricant and coolant, as well as helping to wash particulate matter
among other things away from the drill bit. After passing through the drill bit, the mud
then floods the well-bore rises up around the drill string to the blow out preventer, or
BOP. The mud is then diverted to undersea pumps that pump the mud up mud-return

lines to the drilling vessel.

Static Wellbore Pressures

MUD MUD

PRESSURE PRESSURE

DGD Conventional

SEA WATER
HYDROSTATIC
PRESSURE

PRESSURE

Figure 7: Dual Gradient Technology

This concept is known as dual gradient technology, because instead of using one
pressure gradient as mud travels down the drillstring and back up around the drillstring
and inside a riser all the way back to the drilling vessel, 2 gradients are used: an
equivalent mud density below the BOP, and the hydrostatic water pressure above the
BOP. This is important because as the hole is drilled, casing is set at certain intervals in
the hole to prevent the hole from collapsing in on itself. Using dual gradient technology,
the casing can be set at deeper intervals, and fewer casing sets are needed in most cases.
Additionally, cement is poured around the casing in order to prevent fluid from seeping
below the casing, which can cause fluctuations in formation pressure and floating of the

casing.
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Structural casing

Conductor string : Structural casing

Conductor string

Surface pipe

Surface pipe i IntermediateString

IntermediateString

. . Production Liner
Production Liner

Figure 8: Casing Sizes and Depths

LI

Casing

Cement —

Figure 9: Casing with cement
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Concept 1 — Conventional Casing with Rotating Diverter

This design utilizes conventional casing techniques and existing standardized
casing, but with dual gradient technology employed. The dual gradient allows
conventional casing to be set at deeper intervals, and with fewer sets of casing. This
design was selected primarily because the components to be used have been tested and
utilized in drilling environments for a number of years, and are reliable in their
implementation. These components, because they are already in use, are also cheaper
and more readily available, and their manufacture would prove much easier than the
hollow or tapered casing concepts. The hollow concept, while providing a method for
fluid separation from the drill string prior to the BOP, would be difficult in manufacture
because of the long channels needed through the casing, and also the potential of
particulate matter to become lodged in those channels. In such a situation, it would be
nearly impossible to remove them. The tapered concept might have provided a way to
increase the depth that each level of casing could service, and may even require fewer
levels of casing, but there were issues brought up as far as problems regarding the
installation of a tapered casing while drilling, and drilling procedures required for
installation as well. In the end, as stated before, it came down to the concept which
represented cheaper components that were easily manufactured and more readily

available commercially.

Casing prevents collapse of the well-bore during drilling and hydraulically
isolates the well-bore fluids from the subsurface formations and formation fluids. The

I*°. The selection of the

average cost of casing is 18% of the average cost of the total wel
quantity of casing strings and their respective setting depths generally is based on a
consideration of an envelope created by the pore and fracture pressure gradients. A

graphical method™ is usually used to determine the casing intervals.

The method for determining mud density and casing setting for a conventional
drilling system is shown below. The required mud density can be found from the

following graph. This example, using pore and fracture pressure from Jefferson Parish,
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LA, illustrates that to achieve a desired depth of 15,000 feet below ground, the point at
the pore pressure should be selected.

FRACTURE
GRADIENT

FRACTURE
GRADIENT LESS
0.5 lps/gal
KICK MARGIN

DEPTH, f1

PORE PRESSURE
12000 GRADIENT

MUD DENSITY
0.5 Ibs/gal
TRIP MARGIN

14000 |-

DEPTH OBJECTIVE

=
1= 16000

Figure 10: Example Pore/Fracture Pressure w/ Conventional Casing Setting

This point, point A in this example, corresponds to the mud density that should be
used, 17.2 ppg, as shown on the top x-axis. Notice there is a 0.5 Ib per gallon safety
margin between the pore and fracture pressures. This is so the casing structure does not
fail during a potential “kick” or “trip”, where huge pressures are released unexpectedly as
ancient pockets of gas are evacuated during drilling. When using pore and fracture
pressure data, these margins should be used.

Casing is also set using this same graphical method. The production liner casing
runs from the BOP to the bottom of the well at point A. It ranges in diameter from 4.5 to
9.625 inches. The diameter is determined from the desired amount of production from
the hole, and then from the size drill bit needed to drill that hole. The drill bit must fit
through the casing, as the most shallow casing is set first, and each level of casing
afterwards is set one level deeper. Using the above graph, a line is vertically drawn from
point A until it meets the fracture pressure gradient. This is point B, and the

corresponding depth, at 11,400 feet, is the depth to which the next level of casing
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surrounding the production liner, called intermediate casing, should be set. This casing
ranges in diameter from 7.625 to 13.375 inches. From point B, a straight line is drawn
horizontally to the pore pressure. This is point C. Another vertical line is then drawn
until the fracture pressure gradient is reached. This is point D. This depth, at 4,000 feet,
is the depth at which the next level of casing, surface pipe, is set. Surface pipe is usually
set between 2,000 and 4,000 feet, and ranges from 8.625 to 20 inches in diameter. If
deeper casing is needed in particular situations, more intermediate casing is used. The
next levels of casing are traditionally not determined by any method, they are merely
taken as a standard for most all well bores, because the pressures at these depths are not
overwhelming yet. Conductor casing is the next level of casing, and it is usually run to
between 300 and 1,600 feet, and can range from 16 to 48 inches in diameter. Structural
casing is the largest casing, laying on the outside of the well bore. It is usually run to

between 150 and 300 feet, and can range from 16 to 60 inches in diameter.

However, because DG technology is to be analyzed, a different graph must be
used. Instead of using the above graph, a plot of pressure as a function of depth must be
used. To do this, the pore and fracture pressure information must be converted from ppg

to pressure, which is done using the equation P = 0.052ph, where p is the mud density

found from the above graph and h is the depth.

The dual gradients in DG drilling refer to the hydrostatic pressure gradient above
the well head, and an equivalent mud density. The hydrostatic gradient is found merely
by using pgh from the ocean surface to the sea floor, with p being the sea water density.
The equivalent mud density is found by drawing a gradient from the hydrostatic curve to

the conventional mud gradient. The conventional mud gradient is found by using pgh

from the ocean surface to the desired drilling depth, with p being the mud density found
from the procedure mentioned above.
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4,472 psi 21,000 psi

Figure 11: Conventional and Dual Gradients

Once the gradients have been found, it is then possible to do the analysis for
casing setting. After converting graphs from ppg to pressure, it is possible to set casing
for both DG and a conventional method using the method described below. A sample
plot of a conventional gradient with pore and fracture pressure data is given below. A
graphical method is employed here as well to set casing intervals. The production liner
casing runs from the ocean floor to the bottom of the hole, as in all cases. The
intersection of the conventional gradient and the fracture pressure gradient is selected as
the first level of casing. From the ocean surface to this point is the intermediate casing.
From this level, a horizontal line is drawn to the intersection of the pore pressure.
Another line is then drawn from this intersection to the ocean surface level at O pressure.
It is the intersection of this line and the fracture pressure that determines the next level of
casing.

FRACTURE
PRESSURE

\
\
\
\
\
/ \
\
\ - T~

SEA WATER\
HYDROSTATIC\

PRESSURE PORE PRESSURE

PRESSURE

Figure 12: Conventional Casing Setting 1
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This method is repeated continuously until the casing level is less than
approximately 4,000 feet, where surface pipe casing is then laid, and pore and fracture
pressure data is somewhat neglected. The finished process is shown graphically below.

\
SEA WATER\
HYDROSTATIC\
PRESSURE

Figure 13: Conventional Casing Setting 2

DG drilling utilizes two gradients: a hydrostatic gradient above the well head,
and an equivalent mud density gradient from the well head to the bottom of the hole.

These gradients are shown in the graph below.

\
\
\
\
\
/ \
\
\
\

SEA WATER\
HYDROSTATIC\

PRESSURE PORE PRESSURE

PRESSURE

Figure 14: Dual Gradient Casing Setting 1

The same method as above is used, however with two key differences. While the
intersection of the conventional gradient and the fracture pressure gradient is used in a
conventional set up, DG drilling uses the intersection of the equivalent mud density

gradient and the fracture pressure gradient. The second difference is that while in
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conventional drilling the casing lines are drawn from the ocean surface, DG drilling

casing lines are drawn from the well head. This is shown graphically in the figure below.

N FRACTURE
// . PRESSURE

SEA WATER
HYDROSTATIC
PRESSURE
PORE PRESSURE

PRESSURE

Figure 15: Dual Gradient Casing Setting 2

In this concept, the production casing is used initially during the drilling process
as the pipe used for the mud-return line. After drilling, this pipe is moved from its role
and position as the mud-return line, and is subsequently relocated and dropped down the
hole as the production casing, thus saving money, effort, and material.

The problem of processing the mud as it is diverted from the BOP to the pumps to
be sent up the mud-return line can be solved by the use of a rotating diverter. A variety
of rotating diverters are available in the market depending upon the varying operating
principles, applications, specifications and ratings. The critical components such as
packing elements, bearings and hydraulic systems have proven expensive. This has
expanded drilling programs without any serious failures and reliability has been proven.
In a deepwater application, the development of rotating diverters is done for sub-sea
installation on top of the BOP stack.
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Figure 16: Sub-Sea Rotating Diverter

Texas A&M University — {MC?} Page 18



Final Design — {Dixit, Krueger} Spring 2006

Concept 2 - Hollow Casing Concept with redesigned Annular BOP

The second concept for casing is to use a hollow sieved casing thereby preventing
ingress of large chunk of particles into mud return system. This will reduce damage to
sub-sea mud pump which will increase its reliability and efficiency. The figure shows
the concept of hollow casing which runs full of drilling mud and the drilling mud returns
to BOP through inlet ports which prevent ingress of big chunk of rocks or gumbo. The
drilling mud flows through the port and then circumferential cavity which is connected to
BOP inlet. Mud gets diverted to sub-sea mud pump from the BOP. The annular blowout
preventer is a large valve used to control well-bore fluids. In this type of valve, it is

proposed to divert fluid in addition to its usual function of sealing the open hole.

Cavity outlet
to BOP

—— Mud passage

Mud inlet port

rr—
_A

Mud inlet port at
interface between
casings

Concept of Hollow casing

Figure 17: Hollow Casing

This may not be a good option as we need to modify BOP which is part supplied
by a vendor and changes are to be made in the original design for prototype testing. As
the total number of seals used in system would be less in this case, it would be good in
sealing characteristics. However, in this case, there would be a sudden reduction in the
cross section which can cause severe stresses within the system. This may result in

fatigue failure.
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Concept 3 - The Tapered Casing Concept

In this concept, a casing design with tapered cross section is proposed. The
vertical depth capability of conventional casing can be a constraint because as the length
of the casing increases total weight to also increases. Therefore, the capability to perform
ultra-deep work also depends on the casing's total weight and the strength of the parent
metal. Since proposed tapered casing is lighter in weight (if compared to equivalent
casing of same outside diameter) and its design provides greater strength at the upper end
of string, high depth capability can be realized over conventional casings. The figure

shows tapered casing and equivalent cylindrical casing.

Figure 18: Tapered Casing

This can have disadvantages in terms of strength as compared to constant cross
section cylindrical casing and also in terms of sealing at interface between two casings.
The sealing can be expensive and overall cost can increase if thicker cross section is
selected which is more than equivalent cross section of conventional in order to get more
strength. An option of having tapered or stepped cross section makes it difficult and
expensive to manufacture but the cost can be controlled and can be kept at par with

conventional casing if it is mass produced.
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Down-Selection

The down-selection method used was that of a quantitative weighted-average
analysis. A set of criteria was developed describing aspects of the need that each concept
had to address. Each criteria was given a certain weight percentage based upon how
important that criterion was in relation to the rest of the criteria. These criteria along with
their weight percentage are listed in table 6. The total weights of the criteria added up to
100%. For each criterion, each concept was assigned a certain number of points based on
how well that concept met that criterion, relative to the other concepts. The total number
of points assigned to all concepts for each criterion equaled 100. Each assigned point
value was multiplied by the criteria weight to obtain the weighted points assigned. Then,
all weighted points for each concept for every criteria were added together to obtain a
total score for each concept, which rated its performance and the ability to meet the need
relative to the other concepts. The total scores of all 3 concepts added up to 100. Table 6

provides an example of this process.
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Table 6;: Down-Selection Matrix

Integration

Maintains{Unobstructed
Reliability|of Design |Efficiency|Innovative|Pressure |Flow

Weighted
Conventional
Casing 3.5| 3.333 8.5 5 1 4 4| 45.333

Weighted
Hollow
Casing 0.75| 3.333 1 2.5 2 3 2| 24.583

Finally, each of these scores for each individual on the team was averaged with
the other individuals from the team, and the final score was assigned to the concepts,
from which the highest scored was chosen by the down selection process as the down-
selected concept. This is shown in table 7. The concept selected was that of the

conventional casing with rotating diverter.

Table 7: Down-Selection Results

Average |

33.88636
33.63636
32.47727
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Recommendation

It is thus recommended that the conventional casing design with rotating diverter
be developed as the final embodiment design. This design was selected primarily
because the components to be used have been tested and utilized in drilling environments
for a number of years, and are reliable in their implementation. These components,
because they are already in use, are also cheaper and more readily available, and their
manufacture would prove much easier than the hollow or tapered casing concepts. The
hollow concept, while providing a method for fluid separation from the drill string prior
to the BOP, would be difficult in manufacture because of the long channels needed
through the casing, and also the potential of particulate matter to become lodged in those
channels. In such a situation, it would be nearly impossible to remove them. The tapered
concept might have provided a way to increase the depth that each level of casing could
service, and may even require fewer levels of casing, but there were issues brought up as
far as problems regarding the installation of a tapered casing while drilling, and drilling
procedures required for installation as well. In the end, as stated before, it came down to
the concept which represented cheaper components that were easily manufactured and

more readily available commercially.
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Final Design

It is obvious from the comparison of methods in the conceptual description that
casing can be set at deeper intervals, and that fewer casings are required. However, a
numerical example is provided below. Actual pore and fracture pressure data from figure
19 was used to plot conventional and DG casing levels as a comparison. The depth of
water used was 6869 feet, and the desired drilling depth was 11,400 feet from the ocean
floor. The following pore and fracture pressure data can be used in order to illustrate an

example of the efficiency of dual gradient drilling as far as casing setting is concerned.

5000 10000 15000 20000 25000 30000 35000

-5000

-10000

-15000

1)

-20000

Depth (fee

-25000

-30000

-35000

-40000

Pressure (psi)

Figure 19: Pore and fracture pressure gradients for water at a depth of 6869 feet.

By performing the graphical method described in the conceptual design section
for this design, a casing setting schedule can be determined and graphed, as shown in the

following figures.
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Casing Setting - Conventional

Hydrostatic

Conventional

Equivalent

Pore Pressure

Fracture Pressure
— @ — Casing 1

— -+ — Casing 2
— —— Casing 3

Depth (feet)

Pressure (psi)

Figure 20: Graphical method for determining casing levels for conventional

drilling.

Casing Setting - Dual Gradient

0
-2000
-4000
— Hydrostatic
-6000 )
Conventional
Equivalent
= -8000 Pore Pressure
kJ Fracture Pressure
< -10000 —e— Casing 1
g' —+— Casing 2
-12000
-14000
-16000
-18000
-20000

Pressure (psi)

Figure 21: Graphical method for determining casing levels for dual gradient
drilling.
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It can be clearly seen from figures 20 and 21 that a dual gradient system will
require less casing than the conventional system. The following figure provides a
graphical comparison between Conventional and Dual Gradient Drilling casing setting

for the above example.

Figure 22: Casing Comparison

The desired production casing string size is determined by production
requirement; so for a 7 in production casing string, a 9.625 inch intermediate casing and
13.375 inch conductor casing can be set. This selection is done based on requirement
that bit size used to drill the last interval of the well must be slight larger than the OD of
casing connectors™. Depending upon formation pressures and depending upon collapse
resistance required for casings, a particular casing can be selected. The production casing
string of 7 inches is selected and material grade can be selected for maximum yield
strength and minimum weight. For production casing C-90 grade steel with 0.54 inch is
selected which has 12,820 psi collapse resistance which is more than maximum
formation pore pressure. Similar selections of P-110 grade 0.545 inch thick and P-110
grade 0.514 inch thick casings can be made for the case under consideration.
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A quick analysis of the amount of casing involved in the above example yields a

total of 29,505 feet of casing required in a conventional drilling system, whereas in the

dual gradient system, only 20, 214 feet of casing is required. The following pricing

schedule from Lone Star Steel is given:

Table 8: Casing Price Schedule Comparison

Casing Pipe Pipe Length — | Pipe Length — Price Conventional | Dual Gradient
Diameter | Conventional | Dual Gradient | per foot Price Price
Production 7”7 11,400 feet | 11,400 feet $42 $478,000 $478,000
Intermediate | 9.625” 8,931 feet 5,371 feet $54 $482,274 $290,034
Intermediate | 13.375” | 4,731 feet 0 feet $82 $387,942 $0
Total 25,062 feet | 16,771 feet $1,349,016 | $768,834

This analysis merely investigates casing pricing for the production and intermediate

casings, and does not include potential savings from the surface pipe, conductor string,

and structural casing. As can be seen from above, a savings on pipe can amount to

$580,182 for this example. This figure only represents material savings. Given that

operating expenses on an oil platform can reach $150,000 to $200,000 per day, and given

that it might take approximately 3 days to set casing, because there is one less level of

casing in DG than in conventional, those savings alone could reach up to $600,000. Total

savings of using DG rather than conventional, from a pure standpoint of comparing the

casing structures, reaches almost $1.2 million.

In this concept, casing is used initially during the drilling process as the pipe used

for the mud-return line. After drilling, this pipe is moved from its role and position as the

mud-return line, and is subsequently relocated and dropped down the hole as casing, thus

saving money, effort, and material.

The problem of processing the mud as it is diverted from the BOP to the pumps to

be sent up the mud-return line can be solved by the use of a rotating diverter. A variety

of rotating diverters are available in the market depending upon the varying operating
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principles, applications, specifications and ratings. The critical components such as
packing elements, bearings and hydraulic systems have proven expensive. This has
expanded drilling programs without any serious failures and reliability has been proven.
In a deepwater application, the development of rotating diverters is done for sub-sea

installation on top of the BOP stack.

Figure 23: Sub-Sea Rotating Diverter

Annular blowout preventer is a large valve used to control wellbore fluids. In this
type of valve, the sealing element resembles a large rubber doughnut that is mechanically
squeezed inward to seal on either pipe (drill collars, drill pipe, casing, or tubing) or the
open hole. The ability to seal on a variety of pipe sizes is one major advantage of the
annular blowout preventer over ram-type blowout preventers. Most blowout preventer
(BOP) stacks contain at least one annular BOP at the top of the BOP stack, and one or

more ram-type preventers below. While not considered as reliable in sealing over the
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open hole as around tubulars, the elastomeric sealing doughnut is required by API
specifications to seal adequately over the open hole as part of its certification process.

- A . - Quick-Release Top

L

_— Donut

rf‘ !- _— Packer
[ Yl I

gute r Cylinder Lock

Accass Flaps
Locking Grooves =~

Packer Insert — Vant

— Operating Piston

Pusher Plate =
. Closing Hydraulic
Ports

Opening Hydraulic =
Ports

Vont =

DL Annular Blowout Praventer

Cameron DL annular BOP

Figure 24: Cameron DL Annular BOP

The above figure shows an example of Cameron DL annular BOP. In the unique
design of the Cameron DL annular BOP, closing pressure forces the operating piston and
pusher plate upward to displace the solid elastomer donut and forces the packer to close
inward. As the packer closes, steel reinforcing inserts rotate inward to form a continuous
support ring of steel at the top and bottom of the packer. The inserts remain in contact
with each other whether the packer is open, closed on pipe or closed on open hole. The
Cameron DL BORP is shorter in height than comparable annular preventers. A quick-
release top with a one-piece split lock ring permits quick packer change-out with no loose
parts involved. The design also provides visual indication of whether the top is locked or

unlocked. The DL BOP is designed to simplify field maintenance.

Components subject to wear are field-replaceable and the entire operating system
may be removed in the field for immediate change-out without removing the BOP from
the stack. Twin seals separated by a vented chamber positively isolate the BOP operating

system from well bore pressure. High strength polymer bearing rings prevent metal-to-
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metal contact and reduce wear between all moving parts of the operating systems. The
Cameron DL BORP is available in sizes from 7-1/16" to 21-1/4" and in working pressures
from 2000 to 20,000 psi.

Following table shows BOP specifications for Canam services Inc.
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Figure 25: BOP Specifications

During drilling operations, casing strings are installed in wells. Casing is an
essential part of any well control program. After each casing string is installed, cement is
used to bond the casing to the formation. The cemented casing provides a place to install
the blowout preventor and seals the formations off for well control and formation
isolation purposes. After the well reaches total depth, casing is run to the bottom of the
well (referred to as the production casing or “long string”) and cemented in place. One
problem encountered is that shallower formations are weak and break down under
pressure. Because cement is a dense fluid, the hydrostatic head pressure produced by the
cement column actually exceeds the breakdown pressure of the shallower formations. If
this occurs, cement goes out into the formation and not up the space between the well’s
casing and well bore, resulting in a poor seal between the casing and the formation.
Different methods have been used to lighten up the cement to reduce the hydrostatic head
pressure. A common method is to have two different types of cement that are pumped

consecutively. The “lead” cement is pumped first, followed immediately by the heavier
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“tail” cement. The lead cement is lighter and is used to span the shallower and usually

weaker formations.

The “tail” cement spans the deeper producing formations. After a well bore is
drilled a caliper log can be run to determine the volume of cement to reach the targeted
depth. If a caliper log is not obtained, common practice dictates that an excess volume of
cement be pumped to assure that enough cement is available to span the shallower zones.

Typical excess volumes can be on the order of 50% above the recommended volume.

The compressive strength of the cement is usually lowered by the addition of
lightweight additives; these reduce how much pressure cement can hold back. If the
compressive strength of the cement slurry is compromised, the seal is broken and the well
has to be cemented again. The compressive strength of cement used to cement well
casing is regulated by API standards. Current technology utilizes nitrogen “foam” lead

cement.

The nitrogen is injected into the cement slurry while it is being pumped and forms
small nitrogen pockets that reduces the overall hydrostatic head pressure. Although quite
successful, the small nitrogen pockets coagulate during pumping forming larger pockets
of nitrogen, reducing the compressive strength of the cement. Since the nitrogen is a gas
and expands as pressure is reduced, it is not as controllable as a solid or liquid medium

and has more of a tendency to channel.
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Summary

Dual Gradient Drilling is a concept in which as opposed to conventional drilling
where a conventional mud density gradient is used to drill, 2 gradients are used: the
hydrostatic pressure gradient of the sea water, and an equivalent mud density gradient.
Using these pressure gradients, it is possible to drill without the use of a riser, and is also
possible to set casing at deeper intervals and using fewer casings. This results in
petroleum drilling operations that are cheaper to conduct, and increases the capabilities of
drilling engineers to drill in deeper water and drill deeper into the ground, making
accessible untapped reservoirs of petroleum that can be used to satisfy the world’s
growing demand on petroleum.

This project was concerned with developing a casing structure suitable for use
with dual gradient drilling. The first step in achieving these goals was to develop a Need
Analysis for the project, to determine the scope and specific need of the project. This
allowed the project team to isolate individual needs and design to those needs
accordingly. The second step was to develop three working concepts that would address
those needs. These concepts were a conventional casing structure with rotating diverter,
a hollow casing concept, and a tapered casing concept. A quantitative down-selection
procedure was used to select which concept to use, and a final design and
recommendation was then developed. This design, included in this report, was a

conventional casing structure with rotating diverter.
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Introduction

Executive Summary

The offshore fraternity has been attempting to achieve the goal of “riserless” drilling for
operations in deep water for several years now. Riserless drilling is more commonly known as
“dual gradient” technique. Also, strong emphasis is being laid to move drill cuttings at the sea-
bed and find an alternative to “pump and dump” for top hole drilling.

The primary purpose of our project is to access the oil deposits deep in the oceans. These oil
deposits have been estimated to be at depths varying from around 5000 to 12000 feet. Our
sponsors are interested in developing a drilling system that would be capable of drilling up to
such depths in the oceans. Also, it is required that methods be developed to deal with seabed drill
cuttings disposal, and eliminate the practice of “pump and dump” for top hole drilling by
recovering the returning stream of mud and cuttings back to the rig rather than to the seabed. In
other words, it is required to provide a drilling mud recirculation system.

The sponsors of our project are Minerals Management Service. The Minerals Management
Service (MMS), a bureau in the U.S. Department of the Interior, is the Federal agency that
manages the nation's natural gas, oil and other mineral resources on the outer continental shelf
(OCS). The project assigned to us falls under their research area of offshore programs.
Considering the importance of this area of research keeping in mind the ever-increasing energy
and mineral resource demands of the world, we are grateful to our sponsors for showing faith in
our abilities, placing confidence in us and bestowing us with the opportunity to work on this
prestigious topic.
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Need Analysis

The goal of the need analysis is the identification and articulation of the essential requirements of
the project without constraining the scope of the design project. The primary step in the need
analysis is to define, with clarity and precision, the need statement. We defined the need
statement of our design project expecting it to perform the following functions.

> Provides understanding of the “real” need by ascertaining the scope of the design task,
making us conversant with the hurdles in the path and helping us identify the primary
functions, design parameters and their constraints.

Promotes original thinking and creativity, enables a technically sound approach.
Elucidates the information required, by demarcating the available from the unavailable
information.

Establishes the function structure of the design project by breaking it down to smaller
sub-tasks, each clearly outlining its various functions.

Proves conclusively whether we are on target at every stage and not digressing from our
goal.

Is independent of the method used.

YV V. VWV VYV

Development of the Need Statement

The need statement elucidates the requirements of the design project by means of the design
parameters and the constraint requirements. It fosters original and creative thinking and broadens
the spectrum of thought. It aids the thought process in experimenting with ideas which are
different with respect to methodologies already implemented. As a result, the focus is on the
functions to be performed and not on development of former designs.

We began working on the design project with a very vague idea of what was required. As more
and more work was put in, clarity of thought started percolating in. During this period, the need
statement underwent a significant change, the important stages of which have been listed below.
Finally, we zeroed in on what we have listed as our final need statement.
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Evolution of the Need Statement

Primary Need Statement

Development of a top hole dual gradient system that provides re-circulation of the drilling mud.

Primary Function

Implement top hole dual gradient system and re-circulate the drilling mud.

Primary Constraint

From the primary need statement, it is not clear as to what “top hole dual gradient” means. “Dual
gradient” system is to be incorporated at the “top hole” stage in this case. To go about doing
this, the need statement should elucidate the concept of dual gradient as a method of maintaining
differential pressures. This will enable the actual requirements to be quantified.

Refined Statement

To maintain a regulated pressure differential and provide an unobstructed mud return path
between sea water and drilling mud.

Refined Function

Maintain pressure gradient and provide clear path for drilling mud return.

Refined Constraint

In the absence of the riser, the drill string needs to be directed to intercept the BOP valve.
Further, since drilling is being undertaken at depths up to 12000 feet, proper interfaces need to be
provided between BOP valve and the drill ship. Other significant factors like the effect of
varying sea conditions on the drill string need to be addressed.

This results in a final need statement which takes into account the expected functions and the
corresponding constraints and attempts to quantify them.
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Final Need Statement

Following is the need statement of our project.

Development of a top hole dual gradient drilling system for deep sea drilling that provides
unobstructed path for mud return.

Function Structure

The function structure is a diagram representing the requirements the design will meet. It is a
pictorial illustration of the functional relationship of the items that form the need statement. It
delineates each task and projects them as independent functions. Each of these sub-tasks is a
functional requirement defined in the need statement. It exhibits the broad scope of the design
project.

The design requirements are classified into three major groups for organization and visualization
of the actual task:-

+«+ Functional requirements
+«+ Constraint requirements

% Non-functional requirements

The function structure serves to further identify the real need and encourages innovation. Each
and every function is further classified into sub-tasks in order to state a specific operation of the
function with precision. All these sub functions must act independently. The design parameters
(DP's) and the constraints related to each of these are outlined. The design parameters are the
important design variables with their permissible or appropriate value ranges while the
constraints are the limiting conditions of each of those design parameters (i.e. efficiency,
effectiveness, size, cost, time, safety, etc.).

In this case, we have developed a hierarchical function structure which identifies the major

functions required in the design and develops those functions to the lowest level possible while
staying solution independent. The comprehensive function structure is shown below.
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The following function structure has been developed by utilizing the need statement.

Function Structure

Fall 2005

The

fundamental function structure is represented in Figure A. Figures Al, A2, A3, A4 and A5 show
each of the five functional requirements in more detail.

Development of a top hole dual gradient drilling system for deep

sea drilling that provides unobstructed path for mud return.

Function 1

Maintain a
regulated
pressure
differential.
between sea
water and
drilling mud

Function 2 Function 3 Function 4
Provide an Provide Provide
unobstructed interface interface
mud return between drill between drill
path. string and string and
BOP. drill ship.

Function 5

Secure /
Orient the
drill string
towards the
BOP.

Figure A. Fundamental Function Structure
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F1
Maintain a regulated pressure differential.

FR:
CR:
DP:

F1.1
Monitor the flow rate.
Maximum Allowable Pressure Difference
Flow velocity.

FR:

F1.2
Maintain the desired flow rate.

FR:
CR:
DP:

F1.21
Provide good sealing characteristics.
Material of seal
Drilling Mud Pressure

FR:
CR:
DP:

F122
Prevent deformation of circulation equipment.
Maximum Allowable Strain, Material
Strain

DP

FR:
CR:

F123

Supply of energy in the event of a pressure drop.

Capacity of power supply
Power

Figure B. Maintain a regulated pressure differential
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F2
Provide an unobstructed mud return path.

F21
Prevent flow restriction

F211
FR: Provide adequate filtering for impurities.
CR: Maximum permissible size
DP: Size of impurities

F21.2
FR: Provide uniform cross-sectional area.
CR: Tolerance
DP: Diameter

F213
FR: Minimize frictional resistance to flow.
CR: Manufacturing process
DP: Surface Finish

F22
FR: Provide good sealing characteristics to prevent leakage.
CR: Material
DP: Drilling Mud Pressure

Figure C. Provide an unobstructed mud return path
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F3
Provide interface between drill string and BOP.

F31
FR: Provide a device to connect BOP and drill string.
CR: Permissible angular and linear misalignment.
DP: Connection type.

F3.2
FR: Withstand heavy loads.

F3.21
FR: Withstand stresses due to ocean currents.
CR: Size, Material.
DP: Stress, Tension.

F3.2.2
FR: Withstand internal and external fluid pressure.
CR: Maximum allowable pressure.
DP: Pressure.

F3.3
FR: Provide good sealing characteristics.
CR: Material of seal.
DP: Type of seal.

Figure D. Provide interface between drill string and BOP
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Fa
Provide interface between drill string and drill ship.

F4.1
FR: Provide a device to connect drill ship and drill string.
CR: Permissible angular and linear misalignment.
DP: Connection type.

F4.2
FR: Withstand stresses due to weight of drill string, ocean currents.
CR: Permissible stress level.
DP: Stress due to weight of drill string, tension and ocean currents.

F 4.3
FR: Provide adequate sealing characteristics.
CR: Material of the seal.
DP: Type of seal, Clamping Pressure.

Figure E. Provide interface between drill string and drill ship
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F5
Secure / Orient the drill string towards the BOP.

F5.1
FR: Provide stiffening device.
CR: Maximum allowable tensile stress.
DP: Tension in the drill string.

F5.2
FR: Guide the drill string.
CR: Maximum Allowable Displacement.
DP: Displacement of the drill string.

Figure F. Secure / Orient the drill string towards the BOP
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Introduction to Conceptual Design

Once the Need Statement has been established, it is required to go about conceptualizing the
statement to accomplish the requirements of the project. This demands that a variety of
approaches be considered, tried and analyzed before implementation. The fundamental needs are
required to be addressed through a comparative study of the various concepts which could
accomplish the need. This kind of an approach enables a thorough understanding of the relative
advantages and disadvantages of one concept over the other, thereby helping us figure out the
most feasible and desired way of approaching the problem.

The objective of the Conceptual Design Report is to shed light on a number of concepts to arrive

at the solution. The concepts put forth accomplish the need but an attempt is made to zero in on
the most feasible one.
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Design Specifications

The following table, Table I, summarizes the design requirements and specifications for this

project.

Table 1. Design Requirements and Specifications

Function | Parameter | Constraint | Equation Source Comments
Maximum http://scienceworld. Bernoulli’s equation
Allowable | P+1/2pv? | wolfram.com/physi g
Flow ~ . can be used to
11 Velocity Pr.essure + pgh = | cs/BernoullisLaw.ht measure the flow
' Difference | constant | ml .
velocity.
Drillin The material chosen
g . - should be such that the
mud Material - )
121 ressure of Seal seal withstands the
P drilling mud pressure.
Maximum http://vaw.omega. Strain is the amount of
) Allowable _ com/literature/trans . )
Strain . e=AL/L . deformation per unit
1.2.2 Strain, actions/volume3/str lenath
Material ain.html gth.
Capacity | Power = | http://www.zoeller. | Capacity is the flow
123 Power of power | Pressure* | com/zep/techbrief/J | rate of the drilling
o supply capacity | Flarticle.htm mud.
Size of Maximum
2.1.1 impurities permissibl | - i i
e size
Diameter Pressure AP=f http://www.enginee Laraer diameter pioe
of the Dro *L/D * rsedge.com/fluid_fl resuglts in lesser pO\F/)ver
2.1.2 return P pl2*\/* | owlpressure_drop/p : P
0SS.
path ressure_drop.htm
The surface should be
Surface Manufactu smooth and this in turn
213 finish ring - - is dependent on the
- process manufacturing
process.
The material chosen
Drilling i should be such that the
59 mud Material - seal is able to
' pressure of Seal withstand the drilling
mud pressure.
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The important sub functions which affect the system design are

% Diameters of return path
Drilling mud pressure
Flow velocity

«» Power.

*,

L X4

>

*,

%

We need to look into the design of diameters of mud return path and sea water supply line for
sub-sea mud pump. As we know the desired flow rates from the customer’s system design
requirements, we can get corresponding flow velocity for any particular diameter. Variation in
diameter of pipes will give the corresponding flow velocity. The mud riser and sea water riser
have the same length and they can be designed using standard pipe design methodology. In fact,
they can be of same diameters. If the sea water, pumped from the surface pump is used to supply
hydraulic power to the sub-sea mud pump, then, the flow rate of sea water can be obtained from
the expected flow rate requirement from the sub-sea mud pump. From the calculated flow
velocity and properties of sea mud and water, we can calculate the respective Reynolds number
or plot it as a function of pipe diameter.

Re = (p VD)/ p

where
p - Density of fluid;
V - Fluid velocity;
w - Fluid dynamic viscosity

The pressure drop can be calculated from,

AP=f*L/D * p/2 * \/?

where
f - The Moody friction (from the Moody chart);
L - Length of pipe;
D - Inner diameter of pipe;
p - Fluid density,
V - Fluid velocity

Thus, total pressure loss for approximately 12000 feet long pipe can be calculated for mud return
line and sea water supply line for certain value of the inner diameter of pipe or can be plotted as
a function of inner diameter of pipe. Larger diameter may give lower pressure loss but it will be
a heavy design and will lead to increase in strain in the pipe due to tension loading and vice
versa. The optimum pipe size would be selected from standard available sizes.

The drilling mud pressure can be determined from p*g*h, where h is around 12000feet.
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The interface between well-bore casing and sub-sea mud-lift pump would take care of sealing
requirements.

The power requirement to drive the surface pump which provides hydraulic power to mud pump
can be determined as follows:-

Power= fluid Power/ overall efficiency

Fluid Power= p *Q*Hwater*g

Efficiency

The overall efficiency is defined in two different ways depending on the mode of drive provided
to the sub-sea mud pump.

Overall efficiency = n mud-lift pump*n surface pump *n electric motor
(If sea water is used to drive sub-sea mud pump)

Or

Overall efficiency = n mud-lift pump *n electric motor
(If electric motor is used to drive sub-sea mud pump)

Texas A&M University — MMS2 14
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Overall System Description

This design primarily targets the mud recirculation system. The concept is shown in Figure B.

Power supply — | Mud filtering and
{surface pump or circulation system
generator)

Retum Line
Power supply line ~ Drillplpe

(sea water riser
or electric power
cable)

Boawaber Fillzd Marine Riscr

FLOW DIVERTER

Wellhead and ROP Seawater-0rivan

MudLift Pump

Drill Slriny Vel ve

Figure G. Mud Return System
Ref.: Presentation1final.ppt (Material provided)

The mud return system shown above basically has the following important components i.e.
power supply for sub-sea mud pump, power supply line flow diverter interface between flow
diverter and inlet of sub-sea mud pump, sub-sea mud pump, mud return line (Mud riser) and the
mud processing equipment.

The critical components from system design point of view are considered as sub-sea mud pump,

interface between flow diverter and inlet of sub-sea mud pump, power supply for sub-sea mud
pump, mud return line (Mud riser) and sea water riser or power supply cable.
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Top and Bottom Interface

The following system gives the overall view of the top and bottom interface of the drill string.

Top Interface

The top interface has a load ring which is used to load or create tension in the mud riser and sea
riser. Also, the inner load ring and outer load ring act together as a thrust bearing and provide
flexibility in the system.

Bottom Interface

The bottom interface comprises of a Vetco Gray flex joint. A threaded joint connects the riser to
the flange joint which is mounted on the flex joint. The flex joint provides relative movement of
the riser pipes with respect to the drill ship and well head.

Figure H. Top and Bottom Interface
Source: http://www.cnsopb.ns.ca/whatsnew/pdf/Marathon Report FINAL.pdf
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Concept Analysis 1:- Interface between top hole and sub-sea mud pump

The first concept for interfacing between the top hole and the sub-sea mud pump is by using a
flow diverter device mounted on the top of BOP connecting the annular space in conductor
casing to the inlet of subsea mudlift pump.

Another way is by using composite hoses and connectors interfacing Subsea rotating device
(SRD) and mud pump inlet.

The same can be accomplished by the modified BOP design also which itself has another outlet
for mud return which is to be supplied to mud pump.

Figure I1. Sub-sea Rotating Device
Source: http://www.worldoil.com/magazine/magazine link.asp?ART LINK=99-
08 dwt subsea-smith fig8.htm
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Figure 12. Existing Sub-sea rotating device and composite hose with flange connector
Source:
http://www.ushosecorp.com/index.cfm/datakey/3/cateqory/TIFT%20COMPOSITE%20HOSE.ht
ml

Figure 11 shows concept-1 which isolates the fluid in the riser from the wellbore and diverts
return drilling fluid from the riser base to the sub-sea mud pump suction. The solids-sizing
process begins inside the SRD.

In this concept, we are designing the hose and connectors. Composite hoses are capable of
withstanding heavy-duty applications, high pressure and handling of high density fluids. They
are capable of withstanding corrosive environment internally and externally. Composite hoses,
like other hoses, provide the vital flexible connection to compensate for vibration, movement or
misalignment in a fluid transfer system.

A composite hose has a spiral internal metal supporting wire which can be galvanised mild steel,
stainless steel, aluminium or polypropylene coated mild steel with a spiral external wire which is
generally galvanised mild steel or stainless steel. In between the wires, there are layers of
thermoplastic fabrics and film. The end fittings can be of the following types:- flanges, camlock,
threaded, API(American petroleum institute) and dry break couplings. Common end fitting
materials are carbon steel, stainless steel, gunmetal, aluminium and polypropylene, although
other materials are also available.

Texas A&M University — MMS2 18
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Figure J. Proposed Flow Diverter
Source: http://www.strataenergy.net/under_rotating.html

Figure | schematically depicts the proposed design which gives an idea about the flow diverter to
be mounted on the top of BOP stack.

In the second concept, the flow diverter needs to have two dynamic/ rotating seals to prevent
ingress of sea water on top and mud on bottom side. It is mounted on the top of the BOP and
properly sealed at interface. The seal needs to seal water and mud on both sides and also work in
both directions. The seal should also withstand high pressure and different fluids on both sides.

An unobstructed flow path can be obtained through the flow diverter by designing the area of
cross section of flow diverter and mud supply line in such a way that there is no sudden
reduction of cross section while the mud moves from top hole through flow diverter to mud
pump. In the case of modified design, this function would be difficult to achieve.
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Figure K. Modified BOP design with outlet for mud pump

In the third concept of modified BOP design with outlet for mud pump, we propose to modify
BOP stack to route mud from top hole and provide outlet for mud return. The mud will be
supplied to mud pump through a composite hose. This may not be a good option as we need to
modify BOP which is part supplied by a vendor and changes are to be made in the original
design for prototype testing. As the number of seals would be less in this case, it would be good
in sealing characteristics. However, in this case, there would be a sudden reduction in the cross
section which can cause severe stress in the connecting hose. This may result in fatigue failure
which is the same as in the case of the second concept.
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Table 11. Concept-1 Evaluation Matrix
. Proposed
. Existing Subsea | g, Modified BOP
Weight . rotating device . : .
Criteria . . diverter | design with outlet for
(%) with composite .
h design mud pump
0Ses
20 Sealing capability (for mud S N
and sea water)
20 Durability/Reliability S S
20 Maintenance ease S -
Datum
10 Strength S -
10 Cost + -
20 Stresses in the components - -
+ Percentage 10 20
- Percentage 20 60
Total 0 -10 -40
Rank 1 2 3
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Concept Analysis 2:- Seals

Sealing plays the significant role of curbing the amount of leakage in drilling operations. Though
seals with leak proof capabilities are available, they are expensive and complex. Hence, the
solution to this lies in keeping the leakage within limits. To determine the amount of leakage that
can be allowed, we need to determine the power loss due to the leakage of drilling mud. It is
calculated as follows:-

Fluid Power = Flow rate * Pressure head

If we consider the loss factor to be ‘o’ then, Power loss is given by
o * Fluid Power = a. * Q* Pressure head, where Q = flow rate

i.e. o * Fluid Power = Q jeakage » Pressure Head

Therefore, given a flow rate and by assuming a loss factor, we can easily determine the amount
of leakage that can be allowed.

If we assume a loss factor (o) of 1% and flow rate Q = 900 gpm, then,
Q leakage = O *Q =9gpm.
Therefore the allowable leakage is 9 gpm.

Three different concepts for sealing are evaluated:—

e Pipe threads
e Ring seals
e (Gaskets.

Pipe threads provide assembling capabilities in addition to sealing capabilities. The seal
capability is achieved by providing interference between the external and the internal threads.
This concept has been used for drilling operations before. Hence, we assume this to be the
datum.

O ring seal is a loop of elastomer with a round cross-section that is designed to be seated in a
groove and compressed during assembly between the two mating parts, thus creating a seal at the
interface. The major disadvantage of using an O ring seal is that it is not reliable at low
temperatures that occur at the bottom of the sea. In addition to this, it takes time to assemble the
mating parts using O ring seals.

Gaskets are a mechanical seal used to fill the space between two objects while under

compression. This requires that they be made from compressible materials. Their major
drawbacks when considering this particular scenario are assembling speed and reliability.
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However, at the designing stage, we are not compromising on the aspect of quality of sealants.
The functional requirement of the sealant is not to ‘minimize’ leakage, but to ‘eliminate’ it.
Hence, the primary focus is on coming up with leak-proof sealants. Taper pipe threads satisfy
our requirement.

Table 111. Concept-2 Evaluation Matrix

Weight (%) Criteria Pipe Threads O ring seals Gaskets
20 Cost S S
30 Assembling speed - -
20 Reliability - -
15 Prone to human error - -
15 Suitable Geometry Datum S -

+ Percentage 0 0

- Percentage 65 80

S Percentage 35 20
Total 0 -65 -80
Rank 1 2 3
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Concept Analysis 3:- Mud/ Sea- Water Riser Pipes

The types of pipes for return mud supply line assume importance depending upon the depth of
water and the operational conditions. Three different concepts are developed for the design of
riser pipe.

The first one is the most commonly used Segmented Pipe with mechanical connectors.

The other conceptual design is a Continuous Pipe which can be towed and installed. This helps
in quick assembly, but is limited by the flexibility requirements and water depth.

The third design is fitted with strakes to reduce the vortex induced vibrations.

The pipe types are evaluated based on assembly speed, cost, flexibility, ease of handling,
strength and fatigue issues. The evaluation below indicates that the Segmented Pipe is the better
design. To provide an unobstructed flow path through the riser, it is proposed to use a constant
diameter pipe for the mud return riser. This will result in constant cross section across complete
length of the pipe. Further, the pipes would be easy to assemble. This leads to lower pressure
drop, hence, an unobstructed flow path.

Figure L. Mud/ Sea-water riser pipes
Source: THDG Virtual Riser System, Study material provided by MMS
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Riser Pipe Concept Analysis

Riser pipe is an integral part of the riser system. It satisfies three central functional
requirements:-

Firstly, it provides a means for maintenance of a pressure differential between the surface and the
sub sea pump by minimizing the flow restrictions and leaks.

Secondly, it adds structural stability to the riser system.

Thirdly, it provides a means for running equipment safely to the sea floor.

Order of magnitude calculations for designing Riser Pipes

Below is the design criteria specified for design of this riser system. The optimum riser diameter
values are obtained and these dictate the surface power requirements given the operational flow
rate of mud and water in the system.

e Mud flow Rate : 1000 gpm
e Mud Density : 10to 20 Ib/gal
e Initial Design should be capable of drilling up to around 12,000ft.

A flow analysis if performed determines the optimum riser diameter. Using this, pressure losses
due to viscous effects in each riser pipe can be calculated. Assuming the surface pump is running
at maximum flow rate, the viscous drag effects on each pipe can be found. The friction factor is
calculated using the following equations:-

e Re=(pVL)/
o V=Q/((I1/4)*d?)
* £=0.0791/Re%®

From the calculated flow velocity “V’ and the properties of sea mud and water, we can calculate
the respective Reynolds number and plot it as a function of pipe diameter.

~ AP=f*L/d * (V/(2*g))
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Thus, for a certain value of the inner diameter of the pipe, the total pressure loss for the 12000 ft
long pipe can be calculated for the mud return line. This can then be plotted as a function of
inner diameter of pipe.

5-10 in. diameter pipe is suitable for mud-riser pipe taking the pressure drop and the laminar
flow into consideration. Riser size would be selected from available standard sizes.

External and internal loads on riser pipes

Three external forces act on the riser pipes. Effect of gravity is neglected.

1. The first force is a tension force applied at the end from the tensioners. It is expected to
be around 3000000 N.

2. The second is a cross current drag force with a value of (developed from guide funnel
bracket section) which could be of the order of 1000 N.

3. The third applied load is an internal load. The pressure force from hydrostatics is around
30000000 N. This is calculated from pump design which causes hoop’s stress.

In the analysis of risers, we need to check whether the selected riser is able to withstand the
above mentioned three loads.

Maximum stresses

Stress due to the Drag force

Stress= Y5* p*Cq*D*(V(y)) 2

where, Cq Drag coefficient
V(y) varies along the height of riser
D Outer diameter

Hoop’s Stress

The Hoop’s stress can be calculated from the internal pressure of 7800 psi, pipe diameter,
thickness and the external pressure which is a result of the drag force. Hoop’s Stress is also a
function of the riser height.
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Stresses in the top and bottom interfaces

Stress at top

1) Due to mud- riser pipe weight
2) Mud weight

Buoyancy will reduce the load due to riser weight at top interface.

Stress at bottom

1) Due to mud- riser pipe weight.

2) Due to Mud weight.

3) Due to hydrostatic pressure of mud.

4) In addition to the above, shear stresses develop at the bottom end due to bending
moment. However, the shear stresses would not be significantly high since a flexible joint
is proposed to be used instead of the fixed one.

Texas A&M University — MMS2 27




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan

Table 1V. Concept-3 Evaluation Matrix

Segmented

Weight (%) Criteria Segmented Stakes Continuous
15 Assembly ease S +
20 cost - +
10 Flexibility S -

Datum
10 Ease of Handling - S
35 Tensile/shear strength S -
10 Fatigue/endurance strength + -
+ Percentage 10 35
- Percentage 30 55
Total 0 -20 -20
Rank 1 2 2
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Concept Analysis 4 (Power supply to drive the mud pump)

There are different ways of providing power to drive the mud pump. The pump can either be run
by electric power source such as an electric motor or a hydraulic fluid can be pumped from the
surface to drive the mud pump.

The various factors that need to be considered in determining the power supply to drive the pump
are installation cost, efficiency of the power source and the power loss.

In the case of an electric power source, the cost of installation is substantially high. Electric
motors are installed at the sea level to run the sub-sea mud pump and the electrical cables that are
used to power these motors extend by thousands of feet. The cost of these cables can be a
hindering factor. However, the electric power source makes up for this disadvantage in the
efficiency and the power loss factors.

In the case of hydraulic power supply, a pump on the surface of the ocean pumps sea water down
through a pipe to drive the mud pump. This causes the pump to have lesser efficiency and the
power loss is also higher when compared to the electric power source.

One may consider the use of a pneumatic power source where a compressor is used to drive the

sub-sea mud pump but such a system has lesser efficiency than hydraulic and electric power
sources.
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Table V. Concept-4 Evaluation Matrix

Weight Criteria Hydraulic Power Electric power Pneumatic
(%) Source source Power Source
Installation
40 Cost ) ¥
30 Efficiency + -
30 Power loss + -
Datum
+ Percentage 60 40
- Percentage 40 60
S Percentage 0 0
Total 0 20 -20
Rank 2 1 3
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Concept Analysis 5 (Selection of subsea mud pump)

One of the central areas to be considered is that of the selection of the subsea mud pump. The
selection of the pump is dependent on factors like horsepower rating, efficiency, ability to handle
high viscosity fluids, variable flow rate ability, reliability and the capability to handle abrasive
substances.

The power requirement of the pump is given as follows.

Power input = Fluid power / overall efficiency of the pump

Fluid Power= Pressure * Capacity (flow rate)

From the design criteria,
e Drilling mud density p = 15 ppg
e Drilling mud flow rate Q = 1000 gpm

From calculations, pressure head to be developed by the pump is around 1180m.
Maximum Pressure (P) = p*H*0.052 = 3020 psi

Fluid Power = P*Q = 1750 HP approximately

We have chosen an electric motor to drive the pump. In order to calculate overall efficiency, we
need to assume certain efficiency for the mud lift pump and also the electric motor which drives
it.

n mud-lift pump = 85% n electric motor = 85%

Overall efficiency=n mud-lift pump * n electric motor = 0.7225%

Once the fluid power and overall efficiency is calculated, we can now calculate the power
requirement of the pump.

Power input = Fluid power / overall efficiency of the pump = 2500 HP
Let us consider a three phase electrical power supply with a 5500 V voltage.

Current = Power input / (Voltage* sgrt (phase)) = 200 Amperes approx.

Three different sub-sea mud pump concepts are evaluated:—
e Centrifugal pump

e Diaphragm pump
e Progressive Cavity pump

Texas A&M University — MMS2 31




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005

A comparative study of each of the pumps mentioned above based on various factors reveal that
diaphragm pump should be preferred since it has good horsepower rating and efficiency, has the
ability to handle abrasive solids and high viscosity fluids (drilling mud). It also provides a
variable flow rate in a capacity range and is very reliable.

To achieve an obstructed flow path through the mud surface pump, the flow rate has to be
maintained at a value 10-20% higher than the desired flow rate of the system.

WOLUTE
IMPELLER

Figure M. Centrifugal Pump
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Figure N. Diaphragm Pump
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Figure O. Progressive Cavity Pump

Table VI. Concept-5 Evaluation Matrix

Fall 2005

Weight Criteri Diaphragm Centrifugal | Progressive cavity
riteria
(%) Pump Pump pump
20 Horsepower Rating - S
Mechanical Efficiency
15 (Considering fluids of high - S
ViSCosity)
Ability to handle fluids of high
10 . . - S
viscosity
10 Variability of flow rate within a i S
range
15 Reliability Datum - S
10 Ability to handle abrasive i i
substances(solids)
10 Dynamic sealing requirement - -
+ Percentage 0 0
- Percentage 100 20
Total 0 -100 -20
Rank 1 3 2
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Concept Analysis 6 (Methods to prevent gumbo formation)

Gumbo, also known as hydrated sticky clay, can cause serious operational problems while
drilling shale sections. This typically occurs while drilling younger shale sections that are
common in certain offshore areas. The hydrated clay can cause bit balling, bottom hole assembly
balling, mud rings, hole pack off and plugged flow lines. Therefore, it is important to prevent the
formation of gumbo in drilling.

We analyze three different ways to prevent the formation of gumbo:-

e Using additives in the drilling mud
e Increasing flow rate
e Using electro-osmosis

Additives can be added to the drilling mud so as to provide the desirable characteristics to the
mud to enable gumbo prevention. Such additives are usually either oil-based or water-based
emulsions. Also, certain polymers and solutions containing potassium ions can be used. These
additives provide additional advantages like reducing corrosion of drill bits, flow lines; efficient
removal of cuttings and also act as a coolant for the drill bit. However, they are not environment
friendly.

Gumbo prevention can also be achieved by increased flow rates of the drilling mud. However,
unlike the one discussed before, this method addresses only the issue of gumbo prevention and
doesn’t offer any additional advantages. In addition, it also causes increased loss of circulation.

Electro-osmosis can also be used for gumbo prevention. In this method, the drill bit forms a
cathode when drilling in shales and the water moves from the anode (surrounding shale) to the
cathode thus preventing formation of gumbo. This method also doesn’t provide any additional
advantages. Also, it is a relatively new technology and is still being tested.

Texas A&M University — MMS2 34




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005

Table VII. Concept-6 Evaluation Matrix

Weight Criteria Additives Increasing flow Electr(_)-
(%) rate 0Smosis
30 Loss of circulation - S
20 Environmental Impact + +

Additional advantages
(inhibit corrosion,
30 . - -
removal of drill
solids, cooling)
20 Cost + -
+ Percentage 40 20
- Percentage Datum 60 50
S Percentage 0 30
Total -20 -30
Rank 1 2 3
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Recommendation

The following concepts are enlisted considering a combination of various approaches from

Concept-1 to Concept-6. In total, four concepts have been short-listed after appropriate

combination of various approaches considered in the concept analysis.

Table VIII. Short-listed approaches

EXiSting Subsea Diaphragm
c-1 rotating device | Pipe |Segmented| Electric power | pymp | Additives
with composite |Threads source
hoses
C2 P_roposed flpw Pipe |Segmented| Electric power Pro_gresswe Additives
diverter design |Threads source cavity pump
Concepts
Existing Subsea Diaphragm
C-3 rotating device | Pipe |Segmented| Hydraulic Pump | Additives
with composite |Threads Power source
hoses
) ) Diaphragm
Coa Proposed flow | Pipe |Segmented| Hydraulic Pump | Additives
diverter design |Threads Power source
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Table I X. Concept Evaluation Matrix of short-listed approaches

Parameters,
weightage / Concepts C1 C-2 C-3 C-4
Durability (10%) S - S
Ease of
manufacturing (10%) S S S
Ability to do the
required function + + S
(20%)
Effectiveness/ S S S
Efficiency (10%) Datum
Cost (10%) - - -
Operational ease S i S
(10%)
Ease of maintenance
(10%) S S S
Safety/_stu rdiness of S S S
design (20%)
+ Percentage 20 20 - 0
- Percentage 10 30 - 10
Total 10 -10 - -10
Rank 1 3 2 3

The suggested concept design recommends use of existing sub-sea rotating device with
composite device, threaded pipe seals, segmented type pipes for mud and sea water risers,
electric power source to drive mud pump, diaphragm pump and the use of additives to prevent
gumbo formation. This conceptual design will help maintain required pressure differential
between the mud and sea water and also provide unobstructed mud return path.

Texas A&M University — MMS2 37




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005

Implementation of the Concept selected during the Conceptual Design Stage

The next stage of the design process is to embody the selected concept. Short-listing of the
concept to be implemented needs to be followed up with innovative design, detailed analysis and
performance optimization of each of the modules of the selected concept.

It has been identified that the following three salient features of the selected concept need
extensive research and analysis:-

1. Diaphragm Pump to pump the mud up the mud-return line
2. Electric Power Source to drive the diaphragm pump
3. Segmented Riser Pipe for the mud-return line

Bottom Interfacing is another area which has to receive major attention purely because of its

significance and its implications on the performance of the system. At the conceptual design
stage, it was proposed to utilize a vetco flex joint for the bottom interface.
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Sub-Sea Rotating Device

A variety of rotating diverters are available in the market depending upon the varying operating
principles, applications, specifications and ratings. The critical components such as packing
elements, bearings and hydraulic system have proven expensive. This has expanded drilling
programmes without any serious failures and reliability has been proven. In a deepwater
application, the development of rotating diverters is done for sub-sea installation on top of the
BOP stack.

Inlet Putlet
Flange A B c D E F G Flange
T116" |40.5” 3" 12" 267 T 10 " |15 " [T 116"
SO00# 111, 7em| B4em d0em | 66em (17.78cm | 26,7cm | 39,6em | 3000#
9" 43" 32" 12" 26" g° 10 " 15" 7 116"
2/3000# |109cm | 8lecm d0em | 66em | 22.9cm | 26.7cm | 38cm | 3000#

11"RF 43,5" 34" 12" 258" 1" o0 " 16 " g"
50008 114, 3cm| 86.4cm| 30cm | 66cm | 27.9cm | 26,7cm | 42.4cm | 3000#

135}3!! 45u 34-: 12" zﬁu 11“ .“J " 1E " 11"
S000# 114, 3cm| 86.4cm| 30em | 66em | 27.9cm | 26,7cm | 42.4cm | 30004

Figure P. Sub-sea rotating device
Selected Size

Rotating diverter with 13-5/8” inlet flange has been selected for our task.
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Bottom Interface

Flex Joint

Flex joints are flexible couplings used to couple the drilling riser to the BOP Stack. These are
designed as a direct replacement for a standard ball joint. The fundamental constituent of the
FlexJoint® is the laminated flex element. The flex element is a molded elastomeric bearing
consisting of a series of spherical shaped metal reinforcements laminated between and encased
by a proprietary elastomeric material. A typical non-bellows FlexJoint will include the following
basic components:

Figure Q. Flex Joint

Flex Joints limit the bending stress in mooring tubes by accommodating all combinations of
angular, tension and radial forces. Optional inflatable seals can be provided at the tether upper
end to permit additional buoyancy inside the column. Oil States also supplies production riser
flex joints that allow the riser to flex in any direction and yet maintain a seal under high internal
operating pressures and high tension forces. Combining these flex joints with elastomeric
tensioners provides a maintenance-free production riser system, eliminating all active air and
hydraulic requirements.

OSlI also designs workover and completion riser flex joints to accommodate angular motions due
to platform offsets, as well as motions from thermal contraction and expansion. OSI's flex joints
can withstand multimillion pound forces with large deflections and high internal pressures due to
the joint's elastomeric seal. This seal consists of alternate, spherically-shaped layers of metal and
elastomer, integrally molded into a single, inseparable assembly. Metal layers control stresses of
each elastomer layer as well as provide axial stiffness. Despite this high stiffness, the elastomer
retains an inherent softness under shearing forces. Angular movement is accomplished by pure
shear through all of the elastomer laminates.

When these factors are properly considered, the flex joint can be designed with highly
predictable and controllable operating characteristics. The result is a coupling that transmits very
low bending stress to the connecting members - even under severe operating conditions. Oil
States designs each flex joint to specific application requirements and specifications. Materials
used in the flex joints consist of high grade steels and various nitrile elastomers that offer high
resistance to oil well fluids. These elastomers also exhibit extremely long life under the
conditions encountered during drilling and production operations.
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Selection of Flex Joint

AVAILABLE SIZES FOR FLEX JOINTS

FlexJoint
Size Parameters
{in)
Axial
Nominal | Tension | Anqular | Design Test
Riser Rating | Rotation | Pressure | Pressure
0.D. {in.} | (kips} {deq) {psi) {psi)
b b 309 +14 S000 7500
2 2 el 15 2220 3330
10 10 239 - 825 [£14 - 20| 2350 - 3525 -
a000 B2A0
12 12 2680 - 300 (£14 - £15 [ 1800 - 2700 -
2220 3330
14 14 242 - 575 15 2160 - 3240 -
2200 3300
1k 1k 500 15 2400 J553
18 18 00 - [£12- 214 | 2220 - 3330 -
1014 2500 3750
20 20 40 17 3250 4875
Selected Flex Joint
Size Parameters
{in}
Axial
Nominal | Tension | Angular | Design Test
Riser Rating | Rotation | Pressure [ Pressure
0.0, {in.} | (kips) {deq) {psi) {psi)
20 20 740 17 3250 4875
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Cable mounting for 2.684 umbilical cord
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The BALL-JOINT Tow Point Adaptor
Figure R. Ball Joint Tow Adaptor

The ball joint shown above provides articulation at cable termination. This is a unique design
developed by PMI industries. By reducing or eliminating bending at the cable attachment point,
the BALL JOINT Tow Point Adaptor extends the working life of cable system and cuts the
expense of repair and downtime. The unique patented design of the BALL JOINT Tow Point
Adaptor uses stationary anti-rotation balls encased between housing and an articulating ball
member. Easy assembly consists of inserting the articulating ball member through an access
opening in the housing and capturing the anti-rotation balls. After assembly, the ball is restricted
from rotation relative to the housing, but will articulate conically up to 30 degrees off axis. It is
fabricated of corrosion resistant metals such as Nitronic® 50, INCONEL® 625, Aluminum
nickel bronze, Titanium and 316 Stainless steel for compatibility with cable system and mission.
BALL JOINT Tow Point Adaptors are custom engineered in sizes, materials, and degrees of
articulation to meet system requirements. The BALL JOINT Tow Point Adaptor is one of many
PMI products for controlling stress in underwater cable systems designed to help deal with the
challenges of the ocean environment.
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Bottom Interface Flange and Tapered Stress Joint

TAPERED STRESS JOINT

BOTTOM INTERFACE

Figure S. Bottom Interface Flange and Tapered Stress Joint

The figure on the left shows the bottom interface which connects riser and cable to the flex-joint.
The figure on the right is a tapered stress joint which provides certain extent of flexibility and
works under the high pressure conditions. It is also easy to process and assemble.

Bottom interface analysis

Referring to the earlier report on THDG Virtual Riser System, the weight of BOP is around
240,000 Ibs. The pump package together with BOP and accessories has an apparent weight of
191,500 Ibs. In short, the total tension load on the bottom interface without considering
buoyancy effect is 191,500 Ibs. This tension load is divided equally between the cable and the
mud riser. A load of 95,750 Ibs is transferred to mud riser through threaded joints. A hollow
cylinder is constructed to simulate the threaded connection between the mud-riser and the flange
of bottom interface. Thickness of the representative cylinder is the difference between the
nominal and the minor diameter of the thread and the outer diameter of the tapered stress joint.
The tension load is transferred to the cable equally through 8 bolts. Eight bolts can be simulated
as cylinders of equivalent diameters. A distributed tension load of 11,967 Ibs is applied to each
of them. The bending moment is accounted for by the flex joint installed below the bottom
interface. In addition to this, the cable encounters less bending moment due to the ball joint
provided at the end of the cable.
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Results of the analysis

Figure T. Analysis of bottom interface
Modeling was done using Solid Works and static analysis was run using Cosmos Works.
*  Yield strength for alloy steel = 6.204 X 10® N/m?

e Maximum Von Mises stress = 2.975 X 10® N/ m* < Yield Strength
e Minimum factor of safety = 2.1
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Guide Funnel

Guide Funnel

Figure U. Guide Funnel

The guide funnel bracket is used to provide a clear path to run the drill string from the floating
drill rig to the sub-sea pump / BOP package. It also acts as structural support to the riser pipes.
The guide funnel supports the mud riser pipe and electric cable at various points along the length
of riser. This increases the stiffness of the mud riser and cable system. Further, it transfers the
load exerted by the tension cable on to the mud riser.

The center distance between the guide funnel and the cable mounting is 19” which is the same as
the distance between the mud riser hole and the guide funnel center. The centre hole of the guide
funnel has a diameter of 18.75” which is required for clearing the drill bit and drill string. It is
split into half and is connected by means of fasteners. The material used for the manufacture of
guide funnel is Al Alloy 6061.
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BOP

Annular blowout preventer is a large valve used to control wellbore fluids. In this type of valve,
the sealing element resembles a large rubber doughnut that is mechanically squeezed inward to
seal on either pipe (drill collars, drill pipe, casing, or tubing) or the open hole. The ability to seal
on a variety of pipe sizes is one major advantage of the annular blowout preventer over ram-type
blowout preventers. Most blowout preventer (BOP) stacks contain at least one annular BOP at
the top of the BOP stack, and one or more ram-type preventers below. While not considered as
reliable in sealing over the open hole as around tubulars, the elastomeric sealing doughnut is
required by API specifications to seal adequately over the open hole as part of its certification
process.

.

Rl

= Quick-Release Top

- P
= T

[ e ™ ."' B

it

.

__— Denut

f Wr rf _— Packer
. i
Access Flaps =1 gl . "' !h
. T = J
Locking Groowves | guter Cylindar Lock
oy |
Packer Insert ) | —
i Vent

—— Opearating Plston

= L
o k-
5= _T"
oy
iy E

-

Pusher Plate =

[ .

Lk
|

e Eh&lng Hydraulic

Opening Hydraulic =~
Ports

-
Pl
Vent

0L’

DL Annular Blowouwt Pravaenter

Cameron DL annular BOP
Figure V. Cameron DL Annular BOP

The above figure shows an example of Cameron DL annular BOP. In the unique design of the
Cameron DL annular BOP, closing pressure forces the operating piston and pusher plate upward
to displace the solid elastomer donut and forces the packer to close inward. As the packer closes,
steel reinforcing inserts rotate inward to form a continuous support ring of steel at the top and
bottom of the packer. The inserts remain in contact with each other whether the packer is open,
closed on pipe or closed on open hole. The Cameron DL BOP is shorter in height than
comparable annular preventers. A quick-release top with a one-piece split lock ring permits
quick packer change-out with no loose parts involved. The design also provides visual indication
of whether the top is locked or unlocked. The DL BOP is designed to simplify field maintenance.

Components subject to wear are field-replaceable and the entire operating system may be
removed in the field for immediate change-out without removing the BOP from the stack. Twin
seals separated by a vented chamber positively isolate the BOP operating system from well bore
pressure. High strength polymer bearing rings prevent metal-to-metal contact and reduce wear
between all moving parts of the operating systems. The Cameron DL BOP is available in sizes
from 7-1/16" to 21-1/4" and in working pressures from 2000 to 20,000 psi.
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Following table shows BOP specifications for Canam services Inc.
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CANAM SERVICES INC BOP SPECIFICATIONS

Selected size

A 13 5/8” (346.1 mm) ANNULAR BOP for 10000 psi working pressure is selected. A drill
string of 5.5” is considered.

Texas A&M University — MMS2 47




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005

Wellhead

VG-loc is a connector used with exploration systems designed for fast, reliable makeup for
diverter systems and casing heads onto plain end pipe without welding or extensive preparation.
The connector stabs over a field-cut casing stub and locks and seals to the stub utilizing a slip
assembly actuated by set screws which drive and hold the slips against the pipe.

Features

e Fast reliable makeup without welding or extensive preparation
e Easily installed, requires no special installation tools
e Slips mechanically set; easily removed from casing stub

e Reduces drilling costs
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Sealants

The sealants perform the fundamental function of preventing leakage. The joints are a critical
consideration in the design of the drilling system. Leaks are likely to occur if the joints aren’t
leak-proof, which would result in loss of pressure differential. Also, the pipes could separate,
causing damage to the equipment on the seafloor.

There are several methods of joining individual pieces of the riser pipe together. One of the
standard concepts is a tapered threaded connection. There is a male type connection at one end
and a female connection at the other end on each pipe. Pipes are joined together male to female.
To ensure no leakage and a secure connection, a certain torque is applied to each joint when it is
assembled. An advantage of this design is that it is a standard connection; hence, boat crews are
familiar with the assembly procedure. This also means that assembly time will be almost the
same when compared to other alternatives. The drawback of this design is that any exposed
thread would be subject to wear and could then cause failure. The threads would have to be
designed to prevent leakage and withstand the applied stress as well. In addition to this, the
potential for cross-threading is always present.

The salient features of the pipe threads used are:-

Ensure a good seal when screwing together pipes and fittings
Provide an interface between the internal and external threads
Usually made of PTFE, the most famous brand of which is Teflon

Form a leak-proof seal and ‘lubricate’ the joint

Advantages
e Easier to tighten, assemble and disassemble

e Reduce / Eliminate Thread Galling. [Thread galling occurs when threads weld themselves
together. This is more common with pipes and fasteners made from alloys that protect
themselves from corrosion by developing their own oxide surface film, like aluminum
and stainless steel.]

Pipe thread sizes are described much as bolt sizes are, although the shapes are different. For
example, “%-14 NPT” identifies a pipe thread with a nominal outside diameter of %2 inch and 14
threads to the inch, made according to the NPT standard. If “LH” is added, the pipe has a left
hand thread. In the United States, the pipe thread standards are:

Table X: Standard Pipe Threads
NPT American Standard Pipe Taper Thread

NPSC American Standard Straight Coupling Pipe Thread
NPTR American Standard Taper Railing Pipe Thread
NPSM American Standard Straight Mechanical Pipe Thread
NPSL American Standard Straight Locknut Pipe Thread
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The word “taper” in several of these names points to the big difference between many pipe
threads and those on bolts and screws. Many pipe threads must make not only a mechanical joint
but also a leak-proof one. To accomplish this, the threads become shallower the farther they are
from the end of the pipe or fitting. The bottoms of the threads aren't on a cylinder, but a cone;
they taper. The taper is % inch in an inch, which is the same as % inch in a foot. The figure
below shows the actual profile of the taper or the thread profile.

Effective thread Imperfoct

Aaper

Figure W. Profile of taper thread pipe

As a result of the taper, a pipe can only screw into a fitting a certain distance before it jams,
unlike threading a nut on a bolt. The standard specifies this distance, the effective thread. It also
specifies another distance, the engagement, the distance the pipe can be screwed in by hand,
without much effort. For workers, instead of these distances, it is more convenient to know how
many turns to make by hand and how many with a wrench. Some of the recommended sealants
for use with a broad range of liquids, gases, refrigerants are V-2 PTFE, TF-25, TFW PTFE*, TF-
15 PTFE Thick or Thin, Petro-tape PTFE*, Black Graphite Temp-Tite, PFPE Grease etc.
Another major sealant is the Vibra Seal® Pre-applied Thread Seal.
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Vibra Seal® Pre-applied Thread Seal

Vibra Seal® Pre-applied Thread Sealant is a tough, non-hardening sealant engineered to be pre-
applied to parts. Vibra-Seal is designed to provide an instant seal on tapered pipe threads against
most fluids, fuels and lubricants but can also be used on straight threads. Vibra-Seal performs to
the demanding requirements of the automotive, truck, drilling and agricultural equipment
manufacturers. It provides lubricity superior to Teflon® — at a lower cost. It is available in
white or burnt orange colors, Vibra-Seal coatings are highly filled water based liquids that are
non-toxic and non-sagging. When dried, they become a resilient, tight clinging and non-curing
sealant. Vibra-Seal coated parts also resist loosening because of the prevailing torque created by
the coating.

Specifications

Resin Coating Acrylic

Colors White or Burnt Orange
On-Part Life 4 Years, Minimum
Toxicity None

Torque Tension

The tension in the fastener can be reasonably controlled by controlling the torque. For any given
fastener the torque tension relationship can be stated as follows:

T = KDF
where

T = Torque, Ib.-in. (Nem)

D = Nominal bolt diameter, in. (m)

» F = Tension or clamping force, Ibs. (N)

K is a universal constant for all sizes which can be established empirically.

X/ 7
L XG4

DS

X/
L X4

Significant applications of the Vibra-Seal® Pre-applied Thread Sealant

Pipe Fittings of all Kinds
Rear Axle Filler Plugs
Brake Fittings

Bearing Adjuster Nuts
Compressor Pipe Plugs
Overhead Fire Sprinklers
Shower Heads

Pressure Gauges/Sensors
Cable Connectors
Adjustment Screws

Door Closure Hardware
Screws for Plastic Assembly

VVYVVVYVVVVVVY
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K Values for Vibra-Seal® Sealants*

K Value
Dry Zinc Phosphate 0.13
Zinc Phosphate/Oil 0.11
Vibra-Seal on dry Zinc Phosphate 0.11
Vibra-Seal on Zinc Phosphate/Qil 0.09

Pressure Resistance

Pipe Burst Test Test Results (Test Fluid
Size Rating | Pressure ~10 wt. Motor Oil

10,400 psi | 10,000 psi|  Test discontinued with no

VENPTE o e | (6oMPa) | sign ofeakage

o NPT 5200psi | 4,000psi |  Testdiscontinued with no
(36 MPa) | (28 MPa) sign of leakage

NPT 5000psi | 3,000psi |  Testdiscontinued with no

(35MPa) | (21 MPa) sign of leakage

Lubricity

NPT joint assembly is made quicker and easier because of the lubricating ingredients in Vibra-
Seal products which resist thread galling. Line-up adjustments can be made several hours after
assembly without loss of sealing quality. Joints can be easily disassembled with regular tools
even after years of service.

3

Z ||
= - VIBRA-SEAL SEALANT
= i TEFLON TAPE
] CONTROL (UNGOATED)
= ]
Sy ]
-
o
=
e [/
|:| . T ] L) 1 I
10 20 a0 40 a0
TORCUE {Nem)
L [ [ [ []
] 100 200 300 400

TORQUE (Lbe.-Inch.)
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Reusability
Vibra-Seal products have exhibited the ability to be reused five times on 1/2” NPT sittings which

are torqued up snugly. After five uses, these fittings still maintain 300 psi (2.0 MPa) hydraulic
pressure without recoating.

Breakloose and Prevailing Torgue Characteristics

Typical Strength Values . Prevailing
@ Room Temperature %mﬂ% Bre%lgﬁese Torque -
Test Specimen 180°

- 360 Ib-ins | 243 Ib-ins 0 [b-ins
Control (No Coating) (40.7Nem) | (27.5Nem) | (0 Nem)

Viibra-Seal Products Coating {i%{}},'ﬁi?ns) {11?953%121% gqlbmir;:)
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Segmented Riser Pipe

Riser selection and design is integral to all aspects of the mud recirculation system. The choice
of the riser determines the fulfillment of the functional requirements of the system. The riser pipe
provides a means for maintaining a pressure differential between the sea-water and mud-water.
This is accomplished by minimizing the flow restrictions and leaks. Further, it adds structural
stability to the riser system and provides a means for running equipment safely to the sea-floor.

The crucial consideration in the riser selection and design is the internal diameter of the riser
pipe. This parameter is governed by the mud flow rate requirements and the pump power
limitations. The obtained riser diameter dictates the surface power requirements given the
operational flow rate of mud in the system. The following design criteria were specified for this
design:

Mud Flow Rate 1000 gpm

Mud Density 15 Ib/gal
Drilling Height 12000 ft
Dynamic Viscosity 34 centipoise

For facilitation of our calculations, the design criteria were converted into Sl units.

Mud Flow Rate 0.0630902 m%s
Mud Density 1797.396405 kg/m®
Drilling Height 3657.607315 m
Dynamic Viscosity 0.034 N-s/m?

The various parameters analyzed in the determination of the optimum inner diameter are:-

1. Velocity

2. Reynolds Number

3. Friction Factor of the riser pipe

4. Pressure Loss in the pipe as a result of the friction

Pressure loss in the riser pipes occurs primarily due to viscous drag and mud lift pressure. A flow
analysis performed to calculate the pressure losses due to viscous effects in each riser pipe aids
in the determination of the optimum riser diameter.
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The following are the calculations performed to obtain the optimum riser diameter. The
expression for the pressure loss in the riser pipes is

2
d; 29
f 0.0791
- Re%
Re=£2""1 vd,
y7]
V = Q
LINE:
4 i
where
Re = Reynolds Number
F = Moody Friction factor
Q = Pipe Flow Rate [m3/s]
di = Pipe Inner diameter [m]
u = Dynamic Viscosity of fluid [m2/s]

Riser Depth

The Moody friction factor is determined from the Moody chart. The Reynolds number is
calculated from the fluid density, velocity, and dynamic viscosity u, and the pipe diameter.

A FORTRAN code is developed to determine the values of mud velocity, Reynolds Number,
Friction factor and the associated pressure loss for a range of values of the inner diameter of the
riser pipe. The FORTRAN code is included in the appendix and the results from the analysis are
presented here in tabulated form. From the results, the most suitable value of the inner diameter
has been selected from the available standard sizes of riser pipes.
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Tabulations and Plots obtained from the FORTRAN code

Velocity vs Inner Diameter

Diameter (m)

Velocity (m/s)

0.01 803.2890
0.02 200.8223
0.03 89.2543
0.04 50.2056
0.05 32.1316
0.06 22.3136
0.07 16.3937
0.08 12.5514
0.09 9.9171
0.10 8.0329
0.11 6.6388
0.12 5.5784
0.13 4.7532
0.14 4.0984
0.15 3.5702
0.16 3.1378
0.17 2.7795
0.18 2.4793
0.19 2.2252
0.20 2.0082
0.21 1.8215
0.22 1.6597
0.23 1.5185
0.24 1.3946
0.25 1.2853
0.26 1.1883
0.27 1.1019
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Plot showing the variation of Velocity with inner diameter of the pipe
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Reynolds Number vs Inner Diameter

Diameter(m)

Reynolds Number

0.01 424655.5179
0.02 212327.7590
0.03 141551.8393
0.04 106163.8795
0.05 84931.1036
0.06 70775.9197
0.07 60665.0740
0.08 53081.9397
0.09 47183.9464
0.10 42465.5518
0.11 38605.0471
0.12 35387.9598
0.13 32665.8091
0.14 30332.5370
0.15 28310.3679
0.16 26540.9699
0.17 24979.7363
0.18 23591.9732
0.19 22350.2904
0.20 21232.7759
0.21 20221.6913
0.22 19302.5235
0.23 18463.2834
0.24 17693.9799
0.25 16986.2207
0.26 16332.9045
0.27 15727.9821
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Plot showing the variation of Reynolds Number with inner diameter of the pipe

Reynolds Number vs Inner Diameter
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Friction Factor vs Inner Diameter

Diameter(m)

Friction Factor

0.01 0.0031
0.02 0.0037
0.03 0.0041
0.04 0.0044
0.05 0.0046
0.06 0.0048
0.07 0.0050
0.08 0.0052
0.09 0.0054
0.10 0.0055
0.11 0.0056
0.12 0.0058
0.13 0.0059
0.14 0.0060
0.15 0.0061
0.16 0.0062
0.17 0.0063
0.18 0.0064
0.19 0.0065
0.20 0.0066
0.21 0.0066
0.22 0.0067
0.23 0.0068
0.24 0.0069
0.25 0.0069
0.26 0.0070
0.27 0.0071
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Plot showing the variation of Friction Factor with inner diameter of the pipe

Friction Factor vs Inner Diameter
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Pressure Loss vs Inner Diameter

Diameter(m)

Power Loss/ Head Loss(m)

0.01 37274257.8038
0.02 1385212.8933
0.03 201875.2348
0.04 51478.2821
0.05 17836.1651
0.06 7502.2333
0.07 3607.3918
0.08 1913.0731
0.09 1093.3447
0.10 662.8405
0.11 421.4963
0.12 278.8034
0.13 190.6242
0.14 134.0605
0.15 96.5996
0.16 71.0950
0.17 53.3061
0.18 40.6317
0.19 31.4289
0.20 24.6330
0.21 19.5374
0.22 15.6639
0.23 12.6824
0.24 10.3611
0.25 8.5348
0.26 7.0841
0.27 5.9215
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Plot showing the variation of Pressure Loss with inner diameter of the pipe
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From the plot for pressure loss as a function of inner diameter of the riser pipe, it is evident that
higher the inner diameter, lower will be the pressure loss. However, owing to some design
constraints on the inner diameter of the riser pipe, a fine balance needs to be attained between the
pressure loss consideration and the inner diameter consideration. From the tabulated results, it
can be seen that the decrease in pressure loss is not significant in spite of increase of inner
diameter in the range 0.12m to 0.20m and beyond. Hence, adopting a conservative design
approach, we assume a riser pipe of inner diameter 0.14m which is about 5.5”. Now, we need to
compare this with the available standard sizes of riser pipes. The tabular column below shows
the available riser pipe sizes.

Available Drill Pipe Sizes

Label Pipe OD Pipe Wall Size | Adjusted Weight | Pump Pressure

[in] [#] [1b/ft] [psi]
A 5 19.50#% 22.37 (R3) 6300
B 5 25.60# 27.50 (R3) 7900
C 51/2 21.90#% 23.77 (R3) 4500
D 5172 24.70# 26.56 (R3) 4800
E 57/8 23.40# 24.98 (R3) 3800
F 6 5/8 25.20% 29.36 (B2) 2900

Options A and B have large pressure requirements. Options A and C have smaller than average
yield margins. Options D offers a large yield margin but at the cost of weight and pressure loss.
Option F has the minimum pressure requirement but has a substantial increase in weight and
outer diameter. The remaining option E offers reasonable yield margin, a low pressure
requirement, and is light weight.

The optimum value of the inner diameter is 0.14m which is equivalent to 5.5in. Hence, from the
standard tables, the riser pipe which matches our requirement is the one with outer diameter 5
7/8 in. The corresponding inner diameter for this pipe is 5.153”. Further, option E offers the
following other features. It has been exclusively developed for extended reach drilling (ERD)
and ultra deep wells. 5 7/8" OD drill pipe is optimized for hydraulic performance, high strength
and ease of handling. It represents a logical intermediate drill pipe size between standard 5 1/2“
and 6 5/8” drill pipe. It uses Grant Prideco eXtreme Torque (XT) tool joint technology. It is
available in all standard API material grades and Grant Prideco proprietary grades including XD-
105 and extreme V-150.

Tool Joint Torsional Strength — 94,300 ft-1bs
Tool Joint Working Torque - 56,600 ft-lbs
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Plot depicting a comparative pressure loss between the 5.5” and the selected pipe
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Operational Advantages of 5 7/8'" XR™ Drill Pipe

Hydraulic Performance

5 7/8" drill pipe provides enhanced hydraulic performance compared to 5 1/2” drill pipe for ERD
and ultra-deep well applications.

Streamline Configuration

5 7/8" drill pipe utilizes a 7” OD XT Tool joint allowing it to be used to drill inside 9 5/8” casing
and 8 1/2” open-hole sections. Overshot fishing capability in an 8 1/2” hole is maintained.

Logistics

It eliminates the need for 6 5/8” drill pipe. 6 5/8” drill pipe is difficult to handle and can sacrifice
rig space and setback capacity because it cannot be used to drill 8 1/2” hole sections.
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Rig Modifications

5 7/8" drill pipe minimizes rig modifications compared to 6 5/8" drill pipe.

Final Selection of Riser Pipe

Grant Prideco 5 7/8' 23.40# (0.361”wall) S-135 Alloy Steel
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Riser Pipe - Stress Analysis

Riser stress analysis is central to optimum riser design. In the stress analysis of the riser, the riser
is assumed to be equivalent to a cantilever beam with the top end fixed and the bottom end
subjected to a resultant load. Therefore, we model the riser pipe as per the beam bending
equation. The governing equation for beam bending is as given below:-

0° o’y

0 .0y
| _CaF
0z° 822) 62( 62)

where,

Young’s modulus of the material
Inertia of the riser

Top tension

Lateral static displacement

Depth below sea-level

Lateral loads induced by the current

TN<—-—m

In addition to the loads on the riser pipe on account of top tension and ocean currents, the riser
pipe experiences a load due to the resultant hydrostatic pressure of sea-water and drilling mud.
Hence, the following loads acting on the riser pipe have been considered for the stress analysis:-

1. Top Tension
2. Force due to ocean currents
3. Hydrostatic Pressure on the wall of the riser pipe

The three loads are calculated separately followed by a stress analysis of the riser pipe using
Solid Works and Cosmos Works. The analysis yields the Von Mises stress which is then
compared to the maximum allowable stress in the riser pipe. By this exercise, the suitability of
the riser pipe for the task at hand is determined.
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Top tension

It is important to have an accurate evaluation of riser top tension since it has a significant effect
on the design of the riser system. The top tension is calculated by using the following
expression:-

-Izq) :V\(iw +VVruj +V\émm +V\6jde _V\é.qaty

Sl units have been used for the calculations.

Weight of the riser

W.. = Weight of the riser
Weight of the riser pipe per unit length x g x Total depth
34.8097 x g x Total depth

Weight of the mud

W, = Weightof mud
= p, X %x d?>x Total Depthxg
= 23.85655 x Total Depth x g
where,
e p. = Density of drilling mud =1797.396 kg/m®
e di = Inner Diameter of the riser pipe =0.13m
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Weight of the quide

Woauice = Weight of the guide assembly

e Spacing of the guide = 12m
e Weight of each guide = 27.2155 kg
e Weight of guide per unit length = 2.2679 kg/m

Weight of guide = Weight of the guide per unit length x g x Total depth
= 2.2679 x g x Total depth

Weight of the BOP +Su-sea Pump Package

W,y = Apparent WA of BOP + Apparent Wt of sub-sea pump package
383000

2
191500 Ibs.

86862.938ky

Weight equivalent of the buoyancy force

W oyaney = Weight equivalent of the buoyancy force

= %(doz-diz) x Total Depth x p,

where,
e p, = Density of sea-water = 1000 kg/m®

e d, = Outer diameter of the riser pipe = 0.14 m
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A FORTRAN code was developed to calculate the top tension as a function of varying total
depth. The tabulation and plot of the variation is shown below. The FORTRAN code is given in
the appendix.

Tabulated Values

Depth(ft) Tension (N)
0.00E+00 8.52E+05
2.00E+03 1.21E+06
4.00E+03 1.58E+06
6.00E+03 1.94E+06
8.00E+03 2.30E+06
1.00E+04 2.66E+06
1.20E+04 3.02E+06
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Forces due to ocean currents

The load on the riser due to sea-water currents is calculated using Morison’s Equation based on

relative fluid flow assumptions. The body is considered to be sufficiently slender not to disturb
the incoming flow.

The drag force is proportional to the square of the current velocity and the hydrodynamic load is
directly proportional to the drag coefficient (Cd). The choice of the drag coefficient depends on
the flow regime (Reynolds number and Keulegan and Carpenter number).

Fy=2xd, xp, xCox [ AV [V

d. = Outer diameter of the riser = 0.14m
pw = Density of the water = 1000 kg/m3
Cq4 = Normal Drag co-efficient = 2

AV = Normal Fluid Velocity (or) Current Velocity 5 knots (assumed)

Fq=926.2697 N

Hydrostatic Pressure on the walls of the riser pipe

The walls experience two kinds of hydrostatic pressure:-

1. On the outer wall due to sea-water
2. On the inner wall due to mud enclosed by the pipe

Resultant Hydrostatic Pressure = Mud Hydrostatic Pressure
— Sea Water Hydrostatic Pressure

At 12000 ft, Resultant hydrostatic pressure = 28611410N/m?2

This resultant pressure acts radially outward on the inner wall of the riser pipe.

For deep water risers with high top tensions, a static analysis is found to be sufficient to assess
whether the riser stresses are within the allowable range.
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Static Analysis

Modeling using Solid Works
Analysis using Cosmos Works

Figure X. Riser Stress Analysis
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Interpretation of values obtained from the analysis

The analysis yields a maximum Von Mises stress of 3.584 e+008 N/m?
According to the API 16Q standard,
Allowable stress for Method B (for deep water drilling) = 0.67 X oy

Yield Strength of Alloy Steel oy = 6.2042 e+008 N/m?

0.67 X 6.2042 e+008 N/m?
4.1568 e+008 N/m2

Allowable Stress for the riser pipe

Hence, Maximum Von Mises Stress < Maximum Allowable Stress

Conclusion

The riser pipe design is validated.
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Diaphragm Pump

Figure Y. Line Diagram of Diaphragm Pump

The figure above is a schematic representation of the flow path of the drilling mud through the
entire system. The mud is fed through the drill string into the well bore where it mixes with the
drill cuttings and rises up through the annulus into the suction of the pump. Following this, the
pump provides the required head for the drilling mud to reach the surface. Therefore, based on
the flow path, four sections have been delineated in the system.

1) Head in the drill string above the well bore
2) Head in the drill string below the well bore
3) Head in the annulus

4) Head in the mud riser
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Pump power calculation (FORTRAN code attached in appendix)

1) Head in the drill string above the well bore

Drill string inner diameter = 5.5in =0.1397 m
Drill string inner diameter d; = 4.5in = 0.1143 m

Flow_rate = 1000 GPM = 0.0630902 cu. m/sec
Drill_string_area = IT X di*/ 4

Velocity = Flow _rate / Drill_string_area = 6.1488 m/s
Depth = 12000ft = 1797.396 m

Dynamic viscosity = 0.034 N-s / m?

Reynolds number

Re = Mud_density*velocity*depth / Dynamic_viscosity = 37153.8185
For turbulent flow, Friction factor
f = 0.0791/(Re)**® =0.0057

Head loss due to friction h_f = f*depth*velocity’/2*g*d; = 351.4848 m

TH1 = depth - h_f = 3306.34 m

2) Head in the drill string below the well bore

Drill string inner diameter ~ =5.5in =0.1397 m
Drill string inner diameter d_i = 4.5in = 0.1143 m

Flow_rate = 1000 GPM = 0.0630902 cubic metre/sec
Drill_string_area = pi* d_i%/4

Velocity = Flow_rate / Drill_string_area = 6.1488 m/s
Depth = 22000ft = 6705.6 m

Dynamic viscosity = 0.034 N-s / m?
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Reynolds number

Re = Mud_density X Velocity X Depth / Dynamic_viscosity = 37153.8185

For turbulent flow, Friction factor

f = 0.0791/ (Re)** =0.0057

Head loss due to friction h_f = f X depth X velocity?/ 2 *g*d; = 644.3888 m
TH2 = depth - h_f =6061.62 m

3) Head in the annulus

Diameter of annulus =20 in =0.508 m

Effective diameter = 4*annulus_area/annulus_perimeter = 0.6223 m
Velocity = Flow_rate / annulus_eff_area =0.2074 m/s

Depth = 22000ft = 6705.6 m

Dynamic viscosity = 0.034 N-s / m?

Reynolds number

Re = Mud_density X Velocity X Depth / Dynamic_viscosity = 6822.9691
For turbulent flow, Friction factor
f=0.0791/ (Re)*® =0.0087

Head loss due to friction,
h_f = f*depth*velocity’/2*g*Effective_diameter = 0.2055 m

TH3 =depth + h_f =6075.81 m
4) Head in the mud riser

Riser inner diameter di = 5.153in = 0.13 m

Flow_rate = 1000 GPM = 0.0630902 cubic metre/sec
Riser_area = pi* d_i%/4

Velocity = Flow_rate / Drill_string_area = 4.7534 m/s
Depth = 12000ft = 1797.396 m

Dynamic viscosity = 0.034 N-s / m?
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Reynolds number

Re = Mud_density X Velocity X Depth / Dynamic_viscosity = 32667.712

For turbulent flow, Friction factor

f = 0.0791/(Re)**® = 0.0058

Head loss due to friction h_f = f*depth*velocity’/2*g*d_i = 187.927 m
TH4 = depth + h_f=3842.15m

Pump differential head = TH4+TH3-(TH1+TH2) = 1179.99 m

Assuming a pump efficiency of 0.85, Pump BHP = 2069.89 HP

The primary functional requirements of the pump were:-

1. Continuous Flow
2. Variable Flow rate

Based on the above pump power requirement and the other functional considerations, the
following pump was found to be the ideal for the purpose.

» Crankshaft Driven Double Diaphragm Pump

Figure Z. Crankshaft Driven Double Diaphragm Pump
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Specifications of the Pump

e Pressure = 3017.67 psi
e Flowrate= 1000 gpm
e BHP = 2069.89 HP

The function of variable flow rate was addressed by using variable frequency drives with electric

motors.

Pumps with the required specifications and characteristics were found to be available with
GEHO. One of the GEHO pump models is shown below.

Figure A1l. GEHO Pump
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Electric Motor

Electric Motor performs the major function of driving the diaphragm pump and ensuring that the
diaphragm pump is able to provide variable flow rates.
The speed of the electric motor determines the speed of the diaphragm pump which in turn
translates into the flow rate of the drilling mud.
Assume a motor efficiency of 0.85,
Power input = Power output / Motor efficiency

= Pump BHP / Motor efficiency

= 2435.19 HP
For a three phase power supply,

Power input = Voltage*Current*sqgrt(3)

Assuming a voltage of 5500 volts, the current can be evaluated as 190 amperes.

Based on the requirements, squirrel-cage electric motors with variable frequency (speed) drives
have been found to be suitable.

Electric Cables

Electric cables are required to transmit power from the generators on the drill rig to the electric
motor on the sea-floor. Since the drilling is being undertaken at significant depths, the length of
the electric cables will be of the order of several thousand feet. Therefore, in addition to their
self-load bearing capacity, the cables should be able to withstand harsh environmental conditions
at such depths. Further, since the magnitude of current in the cables is high, the cables should be
able to adequately dissipate the heat generated internally.
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Based on the requirements, the following cables are specified.

Figure B1. Electric Cable
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Conductor Size

AWG/
kemil

Number of Conductor Part No. Diameter
mm2 Conductors

Grounding

AWG/kemil

a7-102

CIR™ Power Cable

Nominal

Weight

90°C NEC 75°C NEC
(inches) (Ibs/10001ft.) Ampacity Ampacity

DC Resistance AC Resistance

at 25°C
Ampacity

at90°C, 60Hz

(ohms/1000 ft.) (ohms/1000 ft.)

Inductive
Reactance

Vo

Fall 2005

tage Drop

(Volts/Amp/

1000 ft.)

14 2.1 3 3#18 |-508CIRG] 0487 161 15 15 2.91 3.64 0.04 5.069
14 2.1 4 3#18 |-509CIRG| 0.523 187 15 15 2.91 3.64 0.04 5.072
12 3.3 3 3#16 |-516CIRG] 0537 210 20 20 1.83 2.28 0.03 3.195
12 3.3 4 3#16 |-517CIRG] 0578 248 20 20 1.83 2.28 0.04 3.198
10 5.2 3 3#14 |-308CIRG] 0.580 277 30 30 1.15 1.44 0.03 2.028
10 5.2 4 3#14 |408CIRG] 0.685 367 30 28 1.15 1.44 0.03 2.031
8 7.6 3 10 -309CIRG| 0.760 431 55 50 0.708 0.885 0.034 1.261
8 76 4 10 -409CIRG| 0.821 513 44 40 0.708 0.885 0.037 1.263
6 125 3 8 -310CIRG| 0.844 585 75 g5 0.445 0.556 0.032 0.803
6 125 4 8 -410CIRG| 0915 705 60 52 0.445 0.556 0.035 0.806
4 21 3 B -312CIRG|  0.944 774 95 85 0.300 0.376 0.029 0.550
4 21 4 B -4112CIRG| 1.086 958 76 68 0.300 0.376 0.032 0.553
2 34 3 B -314CIRG| 1.094 1105 130 115 0.184 0.230 0.028 0.347
2 34 4 B -114CIRG| 1.203 1381 104 92 0.184 0.230 0.030 0.350
10 54 3 B -316CIRG|  1.331 1669 170 150 0.117 0.147 0.028 0.232
1/0 54 4 B -416CIRG| 1.468 2107 136 120 0.117 0.147 0.030 0.235
2/0 70 3 4 -317CIRG|  1.450 2062 195 175 0.0929 0.1174 0.0270 0.190
20 70 4 4 -117CIRG| 1.602 2585 156 140 0.0929 0.1174 0.0296 0.193
40 109 3 4 -319CIRG| 1.769 3151 260 230 0.0585 0.0753 0.0261 0.131
40 109 4 4 -419CIRG| 1.953 3972 208 184 0.0585 0.0753 0.0287 0.134
262 | 132 3 3 -320CIRG| 1.965 3904 297 262 0.0483 0.0628 0.0262 0.114
262 | 132 4 3 -420CIRG| 2.188 4936 238 210 0.0483 0.0628 0.0289 0.117
373 | 189 3 3 -322CIRG| 2.272 5246 364 322 0.0336 0.0445 0.0255 0.088
373 | 189 4 3 -422CIRG| 2,517 6639 201 258 0.0336 0.0445 0.0282 0.091
53 | 273 3 2 -324CIRG| 2.684 7444 446 394 0.0235 0.0326 0.0256 0.072
536 | 273 4 2 -424CIRG| 3.088 9629 357 315 0.0235 0.0326 0.0282 0.075
777 394 3 1 -327CIRG| 3.128 10618 546 483 0.0162 0.0247 0.0258 0.081
777 | 394 4 1 -427CIRG] 3.508 13805 437 386 0.0162 0.0247 0.0282 0.063

Ampacities are based on Table 310-16 of the National Electrical Code (NEC) for conductors rate 90°C, in a multi-conductor cable, at an ambient temperature of
30°C. The 75°C column is provided for additional information. The ampacities shown apply to open runs of cable, installation in any approved raceway. Derating
for more than three current carrying conductors within the cable is in accordance with NEC Table 310.15 (B) (2) (a). The ampacities shown also apply to cables

installed in cable tray in accordance with NEC Section 392.11.
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Based on the tabular column, the following cable was chosen.

Specifications

Nominal Diameter = 2.684”

Weight = 7.444 Ib/ft

Ampacity at 75deg C = 394 amperes

Ampacity is defined as the maximum current capacity of the cable.

Current required by the motor = 190 amperes
Ampacity of the cable specified = 394 amperes

Therefore, the specified cable will serve the purpose.

Features

e Passes the same stringent crush and impact testing required by UL 2225 for Type
MC-HL

e Gas & vapor tight — impervious to water and air Smaller bend radius (up to 40%

smaller) than Type MC

Reduced tray fill (up to 35% less) compared to Type MC

Considerably more flexible than Type MC

Reduced installation time and cost compared to Type MC

Glands for this product cost up to 50% LESS than those for Type MC
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Additives

Additives are added to the drilling mud so as to provide the desirable characteristics to the mud
to enable gumbo prevention. Such additives are usually either oil-based or water-based
emulsions. Also, certain polymers and solutions containing potassium ions can be used. These
additives provide additional advantages like reducing corrosion of drill bits, flow lines; efficient
removal of cuttings and also act as a coolant for the drill bit. However, they are not environment
friendly.

Water-based Drilling Fluid

Upon its introduction in the Gulf of Mexico, a uniquely engineered water-base drilling fluid
system that employs a triple inhibition approach to shale and wellbore stabilization has been
shown to deliver drilling performance approximating that of its invert emulsion counterpart. The
newly developed fluid system has been employed in wells in both deepwater and on the shelf
where it exhibited excellent shale inhibition and waterbase stability, low toxicity and very
flexible and easy-to-maintain formulations. In each well, the fluid demonstrated consistently
impressive performance with good cuttings integrity and very minimal accretion while drilling
through highly reactive shales. The new system essentially eliminated the typical problems
associated with the conventional water-base drilling fluids used previously, such as screen
blinding caused by unsheared polymer, rapid polymer depletion, high dilution rates and moderate
inhibition. Further, there were clear indications that the system approaches the drilling
performance and the user-friendliness of a synthetic or oil-base drilling fluid. The results of all
these field trials confirmed initial observations that the fluid was easily mixed both at the mixing
plant and at the rigsite. In addition, the system has exhibited minimal gumbo handling problems
at the surface, with shale cuttings exhibiting good integrity and well encapsulated. Furthermore,
the Cation Exchange Capacity (CEC), which is a measure of the reactivity of the clays being
drilled, was consistently low (less than 10 Ib/bbl) while drilling reactive shales. There were no
indications of downhole bit balling, nor has there been any appreciable accretion noted on the bit
and the bottom-hole assembly after trips.

Invert emulsion drilling fluids, whether oil or synthetic-base, have long been the systems of
choice for technically demanding applications, particularly when targeted formations contain
highly reactive shales. The superior inhibitive characteristics of invert emulsion fluids in tandem
with their high rates of penetration, good lubricity and reduced risk of stuck pipe make these
systems ideal for applications requiring high levels of fluid performance. When compared to
water-base drilling fluids, these systems provide improved wellbore stability, a high degree of
contamination tolerance, low coefficient of friction, a thin, lubricated filter cake, low dilution
rates and a high degree of re-usability. Yet, the wholesale use of oilbase drilling fluids is under
pressure, primarily because of tightening environmental regulations governing the disposal of oil
contaminated drill cuttings. Furthermore, synthetic and oil-base drilling fluids are inherently
more expensive than water-base systems.
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Figure C1. Photos of bits

Figure D1. Drill Cuttings from the Gulf of Mexico
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Field Results

To date, the system has been used in both deepwater and shelf wells in the Gulf of Mexico. In
each, the performance of the system validated the excellent results obtained in laboratory testing.
Most of the sections drilled thus far have been shallow, where the rate of penetration is usually
controlled to ensure proper hole cleaning and to avoid any borehole stability problems.
Nevertheless, drilling performance comparison was possible using data from the same or
adjacent blocks, which showed the ROP of the new system being very similar to a synthetic-base
system used earlier, and 60- 70% higher than the conventional water-base drilling fluid used
previously in the targeted blocks. The fluid maintenance was easier than even the most inhibitive
water-based muds, and consisted mainly of pre-mix additions to maintain the volume and
minimum LGS and MBT. The fluid inhibitive character determined low dilution rates, averaging
between 2 and 4 bbl premix/1 bbl cuttings drilled.

Oil-based drilling Fluid

Set-Phalt, an excellent oil-based fluid additive, seals permeable sand formations, stabilizes shale
and dramatically reduces differential pipe sticking.

Additive Benefits

Differential pipe sticking is caused by poor particle size distribution and Set-Phalt is an asphalt
blend that has been perfected to provide the ideal particle size distribution to prevent this malady.
The asphaltic sized particle blend combination approach allows Set-Phalt to outperform ordinary
Gilsonite and sodium/potassium asphalt sulfonates for sealing, torque and drag reduction and
differential pipe sticking prevention at a lower cost. Set-Phalt can be used in sodium systems and
potassium systems at the operator’s preference.

Where previous wells have experienced hole problems, the addition of Set-Phalt appears to
prevent formation instability, prevent pipe sticking and reduce torque and drag. In some cases,
Set-Phalt is being added right out of surface, and it can be shown that money is being saved
because of better formation stability. Set-Phalt is compatible with all water based drilling fluid
systems, and in fluids where oil has been added there does not appear to be any oil wetting of
solids, nor flotation of asphalt on the surface. In permeability plugging tests and field trials, Set-
Phalt, with a seepage loss control agent more adequately sealed depleted sand zones than other
products including those with higher costs. The ideal use level requirement for this product is 4
to 6 pounds per barrel. With this amount of product in the system, HT/HP fluid loss control is
much easier to control. In every case the requirement for resin HT/HP agents has been reduced,
and in many cases they have been eliminated altogether. This product is rated one of the very
best shale control additives in the market currently. Set-Phalt is manufactured as a sodium salt
with NaOH for cost reduction. It can easily be modified to a potassium salt at the well site by
adding KOH through the chemical barrel while adding Set-Phalt through the hopper. The ratio
would be one sack of KOH for every 10 sacks of Set-Phalt. Reduce one-half sack of caustic soda
for every sack of KOH added during daily treatments.

Texas A&M University — MMS2 86




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005

Very little change in Viscosity or electrical stability occurs up to 10 pounds per barrel. For
quantities added above 6 pounds per barrel a small amount of wetter or secondary emulsifier
retains the ES. A dramatic drop in HT/HP filtrate happens though. Set-Phalt cut it in half from 14
to 7 in a lab prepared synthetic oil mud.

Set-Phalt can be added to diesel oil or synthetic. Its particle distribution will help seal sands
along with reducing the high temp. In a test with a leading asphalt sulfonate, Set-Phalt
maintained the viscosity of the base fluid. But, the competitor dropped the yield point to one-half
the mud weight. The gel strengths dropped to zero and there was severe barite settlement. With
Set-Phalt, the ES remains the same at 6 pounds per barrel and only dropped from 662 to 554,
without additions of wetter for the extra solids at 10 pounds per barrel. The asphalt sulfonate
dropped the ES to 375...almost twice the amount of the original reading.

Based upon years of research on shale stability, it is apparent there does not exist a single
product that represents a magic elixir for shale stability. Sale instability is caused by mechanical
means, which is primarily fluid hydraulics in nature. For chemical inhibition, the secret is to
prevent shock base exchange to the clay particle. Un-reactive shale formations do not require
additives for inhibition because they are inert. Reactive shale formations, such as gumbo shale,
are composed of calcium clay. Reactive shale formations will not swell, slough or disperse into
the active mud system as long as they remain calcium charged clays. If they are base exchanged
to sodium, which is easily accomplished by using a sodium system, then they will yield in a
manner to even close the flow line and all the asphalt in the world, regardless of how processed
will not prevent this.

If the only property desired is water solubility then sulfonated asphalt is a clear winner, although
it does not appear to be as soluble as reported. However, it is not water solubility that is
important, but rather it is the inhibitive nature of the filtrate. Therefore, using the filtrate from
each sample, a wedge of gumbo shale obtained from the stabilizer of an off shore well in a
known gumbo shale area was added. The sulfonated asphalt sample swelled, cracked and lost its
original shape in 15 minutes. The Set-Phalt sample had some softening and mudding up of the
filtrate, but the shale sample retained its original shape after several hours. For this test, Set-Phalt
is a clear winner and it can be stated that water solubility is not a factor for promoting shale
stability.

Most gumbo shale formation occurs in the upper hole. Several field tests were conducted where
the spud mud was intentionally composed of gel, lime and occasionally some PHPA. Caustic
soda was intentionally left out. The gumbo was drilled with no clogging and no problems. When
caustic soda was added the gumbo yielded.

When drilling in the current environment, it appears that depleted sand sections cause more
trouble than swelling shale. In this regard, neither Set-Phalt nor any other asphalt product will
seal depleted sand by itself. The requirement includes an additional sealing agent. In
combination with another LCM like Seta-Seal Fine or Plus, Set-Phalt appears to have equal
sealing performance to the most expensive asphalt product available and appears to be less
dispersive.
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e In every single test conducted with Set-Phalt, it has always been placed in the top 10%
for performance and usually number one.

e When cost is considered, no other product of this type competes.

¢ In permeability plugging tests and field trials, Set-Phalt with a seepage loss control agent
more adequately sealed depleted sand zones and differential sticking has rarely occurred
when used in this manner.

1.8 Compared with Sodium Asphalt
1.6 Sulfonate for particle
1.4 size distribution
1.2 m Set-Phali™

1

W Sodium Asphalt

0.8 Sul fomate
0.6
04
0z
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Testing Results

Set-Phalt has been used in numerous particle size distribution, rheology, and permeability
plugging ability tests. The compiled graphs show its performance.

TYPICAL PROPERTIES

Appearance Dark Brown Powder
Bulk Density 40 lbs/cu. ft.
Moisture Content 10% + 1%

pH, 10% Solution N/A

Ignition Point >260R C.

Solubility Water Dispersible
Rec. use level 4-6ppb
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Summary

To summarize, by refining the need analysis, conceptually sound and feasible solutions to the
problem of design of mud recirculation system have been developed by assessing the possible
and previously encountered problems in the current prototype THDG system. The need to
maintain pressure gradients and the efficient working of mud recirculation system providing
unobstructed path for mud return have been addressed.

At the Conceptual Design stage, six concepts were developed and by a combination of various
approaches, four final concepts were evaluated. A comparative study of these four concepts
enabled the identification of the most practically feasible of the lot. This concept was then picked
for implementation. Extensive research and analysis of each feature of the selected concept
followed, the documentation of which has been provided in the form of this final project report.

The following features have been decided upon:-

Existing sub-sea Rotating Device

Vibra-seal Pre-Applied Thread Seal

Segmented Riser Pipes

Crankshaft Driven Double Diaphragm Pump

Squirrel Cage Electric Motor with variable frequency drive
Water-based Drilling Fluid / Set-Phalt

Sk wdE

Texas A&M University — MMS2 89




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005

Acknowledgement

The team would like to thank Minerals Management Service for bestowing us with the
opportunity to work on this prestigious project.

Further, we would like to thank Dr. Steve Suh for the opportunity and the support in our
endeavor, and most importantly, for channelising our work.

During the course of this entire exercise, we were fortunate to be constantly guided by Mr.
Charles Peterman and Dr. Jerome Schubert. They were instrumental in resolving our doubts and
providing invaluable feedback in connection with our work. We would like to thank them for
sharing their experience and sparing time in spite of their busy schedules.

Texas A&M University — MMS2 90




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005

References

General

e www.WorldOil.com - Online Magazine Article Special Report - Aug-1999.htm SubSea
MudL.ift Drilling JIP: Achieving dual-gradient technology by K. L. Smith, A. D. Gault,
D. E. Witt, F. P. Botros Conoco; C. Peterman, M. Tangedahl, Hydril; C. E. Weddle,
Cherokee Engineering; and H. C. Juvkam-Wold, J. J. Schubert, Texas A&M University

http://www.iodp.org/audiovisual/
http://www.mms.gov/tarprojects/541.htm
http://www.mosburgoil-gas.com/html/body hyne 3 30 99 2a.html

Sub-sea Rotating Device

e http://www.strataenergy.net/under_rotating.html

e Underbalanced Drilling: Examining how current technical developments are improving
the reliability of deepwater underbalanced drilling.
Dag Oluf Nessa, Business Development Wellservices SMEDVIG OFFSHORE, as
Presented at IIR Deepwater Drilling Conference, Aberdeen Mariott 30 — 31 January 2001

e http://www.higharcticwellcontrol.com/HighArcticDocs/RotatingBOP.pdf

Bottom Interface

http://www.cnsopb.ns.ca/whatsnew/pdf/Marathon_Report FINAL.pdf
http://www.oilstates.com/solutions/offshore/drilling_risers/file.asp?id=277
http://www.oilstates.com/solutions/offshore/deepwater installations/SCR/file.asp?id=298
http://www.pmiind.com/library/DataSheets/BallJoint.pdf
http://www.pmiind.com/library/DataSheets/BallJoint.pdf
http://www.canamservices.com/pdfs/BOPs.pdf

http://www.coopercameron.com/cgi-
bin/cameron/products/productdetail.cfm?01D=1072347&pageid=drilling&thismenu=me
nuz2

e http://www.vetcogray.com/docs/NT-2_Brochure.pdf

e http://www.vetcogray.com/products/sws/surface wellhead connectors.cfm?section1=Tru
e&section2=False

e Study Material provided by MMS

Texas A&M University — MMS2 91




Final Design Report — Sukesh Shenoy, Amol Dixit, A.S.Nandagopalan Fall 2005
Sealants

http://www.longlok.com/pdf/vibraseal.pdf
http://wolfstone.halloweenhost.com/TechBase/pipthr _ThreadedPipe.html
http://www.sizes.com/materls/pipeThrd.htm

e http://www.robertmfg.com/specs7.html
http://www.colder.com/Downloads/NPT.pdf
http://www.evergreen.edu/biophysics/technotes/fabric/pipe.htm

e Study Material Provided by MMS

Riser pipe

e http://www.grantprideco.com

e http://www.grantprideco.com/drilling/drilling products.asp

e http://www.grantprideco.com/drilling/drilling products.asp

e http://www.grantprideco.com/drilling/products/e XtremeDrillingProducts/ExtremeReach

DrillPipe.asp
http://www.evergreen.edu/biophysics/technotes/fabric/pipe.htm

Study Material provided by MMS
Plots obtained by using Microsoft Excel and Engineering Equation Solver.
FORTRAN programming language used for Riser Inner Diameter Analysis.

Electric Power Source

e http://www.bacharach-training.com/norm/electric.htm
e http://www.amercable.com/products.asp?site _group=0il+%26+Gas&group catalog=CIR
+Cables

Analysis of Pump

e http://www.engineersedge.com/pumps/pump menu.shtml

Diaphragm pumps

http://diaphragm-pumps.globalspec.com/
http://www.uvcuring.com/faxinfo/diapump/diapump.htm

API 16Q Design, Selection, Operation and Maintenance of marine drilling riser systems
Practical Introduction to Pumping Technology by Uno Wahren

Hydraulics and Fluid Mechanics by Modi and Seth
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Progressive cavity pump

e http://www.answers.com/topic/progressive-cavity-pump
e http://www.lytron.com/support/pd pumps.htm

Additives

e http://www.iadc.org/dcpi/dc-mayjune02/may2-mi.pdf
http://www.setac.com/set phalt.html

e http://www.bakerhughes.com/bakerpetrolite/drilling stimulation/drilling fluids additives
/

e http://www.looksmartluxuryautos.com/p/articles/mi m3159/is 2 220/ai 54063593

e http://www.iadc.org/dcpi/dc-mayjune02/may2-mi.pdf

Others

Study Material provided by MMS.
History final.ppt

MEEN 332.ppt
Presentationlfinal.ppt
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Diagrams and Graphs

Moody’s chart
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Head/Capacity/hp./Efficiency
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The relationship between head capacity, horsepower and efficiency

Basic equations used in pipe flow calculations

Headdfeet) ¥ Capacitfopm. ) 8,33 1ba. ! gallon) » apecific gravity
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Eifciency X HP XCI%0
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|

Fall 2005

Some of the other equations which went into the calculations were Continuity Equation and

Bernoulli’s Equation.
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Appendix

Program-1

Riser inner diameter analysis

OO0 000

OO 00

O o

O OO0

O OO0 0o

O o

The following program is used to optimize the riser pipe inner
diameter. The various parameter evaluated in the program are
Reynolds number, Velocity of drilling mud, Friction factor,
Head loss/power loss due to friction in the riser pipe

Definition of Variables

rho= mud density = 15 pounds per gallon = 1797.396405 kg/cubic
metre

ppg_to_si = conversion factor from ppg to kg/cubic meter =
119.826427

flow_rate = 1000 gallons per minute

gpm_to_si = conversion factor from gpm to cubic meter/sec =
0.003785

area = cross sectional area of the riser pipe (sq metre)

velocity = flow_rate/Area (metre/sec)

dyn_vis = dynamic viscosity = 34 centipoise = 0.034 N-s/sq. metre
cp_to_si = Conversion factor from centipoise to N-s/sq. metre =
0.001

rey_no = reynolds_number

fric_fac = friction factor

pow_lo = power loss due to friction

length = length of the riser pipe = 12000 ft = 3657.607315 m

g = acceleration due to gravity = 9.81 sq. metre/sec

Program

implicit none

real rho, velocity, diameter, dyn_vis, rey_no

real fric_fac,pow_lo,length,g

real flow_rate,area,pi

real gpm_to_si,ppg_to_si,cp_to_si

open (30, FILE="reynolds.xIs")

write(30,*) 'Diameter’,’  ''Velocity',' ''Reynolds Number'
+," '/'Friction Factor",' ",'Power Loss'
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gpm_to_si = 0.003785
flow_rate = 1000*gpm_to_si/60
pi = 3.1415

ppg_to_si =119.826427

rho = 15*ppg_to_si

length = 3657.607315

cp_to_si=0.001
dyn_vis = 34*cp_to_si
g=9.81

do diameter = 0.01,0.27,0.01
area = pi*(diameter**2)/4.0
velocity = flow_rate/area
rey_no = rho*velocity*diameter/dyn_vis
fric_fac = 0.0791/(rey_no**0.25)
pow_lo = fric_fac*length*(velocity**2)/(2*diameter*g)
40 format(E13.5," '|E13.5, "E13.5, "E13.5, '\E13.5)
write(30,40) diameter, velocity,rey_no,fric_fac,pow_lo
end do
stop
end
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Program-2

Top tension analysis

OO0 o000

o

OO O OO0 OO0 0000000000000 O0O0O0OO0 OO0 O0OOoOaOon

The following program is used to calculate and plot the variation
top tension with respect to depth. Top tension is a function of

riser weight, mud weight, cable weight, guide weight, weight

of the bottom package(BOP + subsea pump package) and buoyancy
force

definition of variables

riser_unit_wt_Ibs = riser weight in Ibs per foot = 23.40 lbs/ft
riser_unit_wt = riser weight in kg per metre

riser_wt = riser weight as a function of depth

rho_mud_fps = mud density in ppg = 15

rho_mud = mud density in kg per cubic metre

ppg_to_si = conversion factor from ppg to si = 119.826427
in_to_si = conversion factor from in to si = 0.0254
riser_id_fps = riser inner diameter in inches = 5.153
riser_id = riser inner diameter in metres

Ibs_to_si = conversion factor from Ibs to si = 0.453592
ft_to_si = conversion factor from ft to si = 0.3048
riser_i_area = riser inner crossectional area

mud_wt = weight of mud as a function of depth

depth_ft = depth in feet

depth = depth in metres

guide_unit_weight_fps = weight of a single guide in 1bs=60
guide_spacing = spacing between two guides in metres = 12
guide_unit_weight = weight of a single guide in kgs
guide_weight_length=weight of guide per unit length
guide_weight = weight of the guide as a function of depth
cable_wt_fps = weight of cable in Ibs per ft = 7.444
cable_unit_wt = weight of cable per unit length

cable_wt = weight of cable as a function of depth
wt_bop_sbp_fps=weight of BOP + subsea pump in Ibs = 383000
wt_bop_sbp=weight of BOP + subsea pump
wt_bottom=apparent weight of bottom package

rho_water = density of water in kg per cubic metre = 1000
riser_od_fps = riser outer diameter in inches = 5.875
riser_od = riser outer diameter in metres

riser_o_area= riser outer area

cable_dia_fps=cable diameter in inches= 2.684
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c

OO0 OO0 OO0

C
c
C

cable_dia=cable diameter in metres

cable_area=crosssectional area of the cable
byncy_wt = apparent weight of the bouyancy force
g = acceleration due to gravity = 9.81 sq. metre/sec

*EhAhkAEAkAkrAhkhkrhkhkrhkhkrhkhkrhhkirhhkkhhhkhhhkkihhkkiiikikx

Program
*kkkhkkkhkkhkkhkkhkkhkkkhkkhkkikkhkkhkkhkkhkkikkhkikhkkihkkhkikkikikkikx

implicit none

real riser_unit_wt_fps,riser_unit_wt,riser_wt,riser_id_fps
real rho_mud_fps,rho_mud,riser_id,riser_i_area

real mud_wt,guide_spacing,guide_unit_weight_fps

real guide_unit_weight,guide_weight,guide_weight_length
real Ibs_to_si,ft_to_si,ppg_to_si,in_to_si

real cable_wt_fps,cable_unit_wt,cable_wt

real wt_bop_sbp_fps,wt_bop_sbp,wt_bottom,byncy wt

real g,depth_ft,depth,pi,rho_water,riser_od_fps,riser_o_area
real cable_dia_fps,cable_dia,cable_area,riser_od,tension_top
open (30, FILE="tension.xIs")

write(30,*) 'Depth(m)’,’ 'Depth(ft)’,;” '/Riser Wt(N)'

+,",'Mud Wt(N)',",'Guide Wt(N)',' "

+'Cable Wt(N)'," "By Wt(N)," T (N)'

write(30,*) 'Depth(m)’,' "'Depth(ft)’, ','Riser Wt(N)'

+," ''Mud Wt(N)",",'Guide Wt(N)',' "
+ 'Byncy Wt(N)'," ','Tension (N)'

pi=3.1415

g=9.81

riser_unit_wt_fps = 23.40

Ibs to si=0.453592

ft_to si=0.3048

rho_mud_fps =15

ppg_to_si = 119.826427

rho_mud = rho_mud_fps*ppg_to_si

riser_id_fps =5.153

in_to_si =0.0254

guide_spacing = 12

riser_id = riser_id_fps*in_to_si
riser_i_area=pi*(riser_id**2)/4

riser_unit_wt = riser_unit_wt_fps*lbs_to_si/ft to_si
guide_unit_weight_fps = 60

guide_spacing = 12

guide_unit_weight = guide_unit_weight_fps*Ibs_to_si
guide_weight_length=guide_unit_weight/guide_spacing
cable_wt_fps=7.444

cable_unit_wt = cable_wt_fps*lbs_to_si/ft to_si
wt_bop_sbp_fps=383000
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c tension_top=riser_wt+mud_wt+guide_weight+cable_wt
c tension_top=tension_top+wt_bottom-byncy_ wt
c40 format(E13.5,'',E13.5, "E13.5, "E13.5, "E13.5
c +,,E13.5; "E13.5) "E13.5)
c write(30,40) depth,depth_ft, riser_wt,mud_wt,guide_weight,
c + cable_wtbyncy wt,tension_top
tension_top=riser_wt+mud_wt+guide_weight
tension_top=tension_top+wt_bottom-byncy_ wt
40 format(E13.5," '|E13.5, "E13.5, "E13.5, "E13.5
+," ''E13.5/ "E13.5)
write(30,40) depth,depth_ft, riser_wt,mud_wt,guide_weight,
+ byncy_wt,tension_top
end do
50 format(A, "E13.5)
write(30,50) 'Apparent Weight of BOP + Subsea pump Package(N)',
+ wt_bottom
stop
end

wt_bop_sbp=wt_bop_sbp_fps*Ibs_to_si
wt_bottom=wt_bop_sbp*g/2
rho_water = 1000
riser_od_fps =5.875
riser_od = riser_od_fps*in_to_si
riser_o_area=pi*(riser_od**2)/4
cable_dia_fps=2.684
cable_dia=cable_dia_fps*in_to_si
cable_area=pi*(cable_dia**2)/4
do depth_ft = 0,12000,2000
depth = depth_ft*0.3048
riser_wt = riser_unit_wt*depth*g
mud_wt=rho_mud*riser_i_area*depth*g
guide_weight = guide_weight_length*depth*g
cable_wt = cable_unit_wt*depth*g
byncy wt=((riser_o_area-riser_i_area)+cable_area)*
+ depth*rho_water
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Program-3

Pump Power Analysis

OO0 OO0 OO0

o

O OO0 OO0 0000000000000 0000000000 O0OOo

The following program is used to determine the pump power.
The flow path for the mud is divided into four sections

1) Flow down the drill pipe upto the sea flow

2) Flow down the drill pipe to the bottom of the well

3) Flow up the annulus to the wellbore

4) Flow up the mud riser pipe

definition of variables

rho_mud = mud density

rho_mud_fps=mud density in pounds per gallons = 15

ppg_to_si = conversion factor from ppg to kg/cubic meter = 119.826427
flow_rate_fps = mud flow rate in gallons per minute = 1000

gpm_to_si = conversion factor from gpm to cubic meter/sec = 0.003785
drill area = cross sectional area of the drill string (sq metre)
drill_mud_vel = flow_rate/Area (metre/sec)

dyn_vis_fps = dynamic viscosity in centipoise= 34 centipoise

dyn_vis = dynamic viscosity

cp_to_si = conversion factor from centipoise to N-s/sg. metre = 0.001
in_to_si= conversion factro from inch to metre=0.0254

ft_to_si= conversion factro from feet to metre=0.3048

rey_no_drill = reynolds_number of flow in drill string

drill_fric_fac = friction factor in drill string

drill_id_fps = drill string inner diameter in inches = 4.5

drill_id = drill string inner diameter in metres

drill_ht_fps = height of drill pipe considered in feet = 12000 ft
drill_head_loss = head loss due to friction in drill string above well bore
drill_heads = head in drill string above well bore

drill_wb_ht_fps = height of drill pipe considered in well bore in feet = 22000
drill_wb_ht = height of drill pipe considered in well bore in metres
drill_wb_head_loss = head loss due to friction in drill string in well bore
drill_wb_head = head in the drill string in the well bore

casing_dia_fps = diameter of casing in inches = 20

casing_dia = diameter of casing in metres

effective_area = area of the annulus

effective_perimeter= perimeter of the annulus

effective_dia=effective diameter of the annulus

annulus_area=area of the annulus

annulus_mud_vel = velocity of drilling mud in the annulus
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OO0 OO0 0000000000000 oOO0o

rey_no_annulus=reynold number of mud flow in annulus
annulus_fric_frac = friction factor in annulus
annulus_head_loss=head loss due to friction in annulus
annulus_head = head in the annulus

riser_dia_fps = riser internal diameter in inches = 5.153
riser_dia = riser internal diameter in metres

riser_area = crosssectional area of the riser

riser_mud_vel = mud velocity in the riser

rey_no_riser = reynolds number of mud flow in riser
riser_fric_fac = friction factor of mud flow in riser
riser_head_loss = head loss due to friction in riser
riser_head = head in riser

pump_head = head requirement of the pump in metres
pump_hyd_power = hydraulic horse power requirement of the pump
pump_power = brake horse power requirement of the pump
pump_eff = efficiency of pump

g = acceleration due to gravity = 9.81 sq. metre/sec

Program

implicit none

real rho_mud, drill_id, dyn_vis,rey_no_drill,drill_ht

real drill_fric_frac, drill_ht_fps,drill_mud_vel

real gpm_to_si,ppg_to_si,cp_to_si,in_to_si,g,pi,ft_to_si
real flow_rate_fps,dyn_vis_fps,drill_area,flow_rate

real drill_id_fps,drill_head_loss,drill_head,rho_mud_fps
real drill_wb_ht_fps,drill_wb_ht,drill_wb_head_loss
real drill_wb_head,casing_dia_fps,casing_dia,effective_area
real effective_perimeter,effective_dia,annulus_area

real annulus_mud_vel,rey_no_annulus,annulus_fric_frac
real annulus_head,annulus_head_loss,riser_dia_fps

real riser_dia,riser_area,riser_mud_vel,rey no_riser

real riser_fric_fac,riser_head_loss,riser_head

real pump_head,pump_hyd_power,pump_eff,pump_bhp
gpm_to_si = 0.003785

flow_rate_fps = 1000

flow_rate = flow_rate_fps*gpm_to_si/60

pi = 3.1415

ppg_to_si = 119.826427

in_to_si =0.0254

cp_to_si=0.001

ft_to_si =0.3048

drill_ht_fps = 12000

drill_ht =drill_ht_fps*ft_to_si

rho_mud_fps =15

rho_mud = rho_mud_fps*ppg_to_si

dyn_vis_fps=34
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dyn_vis =dyn_vis_fps*cp_to_si

g=9.81

drill_id_fps=4.5

drill_id =drill_id_fps*in_to_si
drill_area=pi*(drill_id**2)/4

drill_mud_vel = flow_rate/drill_area

rey_no_drill = rho_mud*drill_mud_vel*drill_id/dyn_vis
drill_fric_frac = 0.0791/(rey_no_drill**0.25)
drill_head_loss = drill_fric_frac*drill_ht*(drill_mud_vel**2)
drill_head_loss = drill_head_loss/(2*drill_id*g)
drill_head = drill_ht-drill_head_loss

drill_wb_ht fps = 22000

drill._wb_ht =drill_wb_ht fps*ft_to_si
drill_wb_head_loss=drill_fric_frac*drill_wb_ht*(drill_mud_vel**2)
drill._wb_head_loss = drill_wb_head_loss/(2*drill_id*g)
drill_wb_head = drill_wb_ht-drill_wb_head_loss

casing_dia_fps = 20

casing_dia = casing_dia_fps*in_to_si

effective_area = pi*((casing_dia**2)-(drill_id**2))/4
effective_perimeter=pi*(casing_dia-drill_id)
effective_dia=casing_dia+drill_id
annulus_area=pi*(effective_dia**2)/4

annulus_mud_vel = flow_rate/annulus_area
rey_no_annulus=rho_mud*annulus_mud_vel*effective_dia/dyn_vis
annulus_fric_frac = 0.0791/(rey_no_annulus**0.25)
annulus_head_loss=annulus_fric_frac*drill_wb_ht
annulus_head_loss = annulus_head_loss*(annulus_mud_vel**2)
annulus_head_loss = annulus_head_loss/(2*effective_dia*g)
annulus_head = drill_wb_ht+annulus_head_loss

riser_dia_fps = 5.153

riser_dia = riser_dia_fps*in_to_si

riser_area = pi*(riser_dia**2)/4

riser_mud_vel = flow_rate/riser_area

rey_no_riser = rho_mud*riser_mud_vel*riser_dia/dyn_vis
riser_fric_fac=0.0791/(rey_no_riser**0.25)
riser_head_loss=riser_fric_fac*drill _ht

riser_head_loss = riser_head_loss*(riser_mud_vel**2)
riser_head_loss = riser_head_loss/(2*riser_dia*g)
riser_head = drill_ht+riser_head loss

pump_head = riser_head+annulus_head-drill_wb_head-drill_head
pump_hyd power = rho_mud*g*pump_head*flow_rate/746
pump_eff = 0.85

pump_bhp=pump_hyd_power/pump_eff
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print *, THL'drill_head," metres'

print *,'TH2',drill_wb_head, ' metres'
print *,'TH3',annulus_head, ' metres'
print *,'TH4" riser_head, ' metres'

print *,'Pump Head',pump_head," metres'
print *,'Pump BHP',pump_bhp

stop
end
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Introduction

Dual Gradient drilling began with Shell Oil company’s Marine Technology Group
in the 1960’s with their “3000 ft. Feasibility Study”, where the beginnings of some of this
technology were first conceptualized. In 1996, Conoco, Hydril, and 23 other companies
conducted a “Riserless Drilling Feasibility Study”, followed by the 1997 “Gas Lift
Feasibility Report” conducted by Petrobras and LSU.

Currently, several projects are underway that in some way relate to Dual Gradient
technology. One such project is Deep Vision, which is a collaborative effort amongst
Baker-Hughes, BP, Chevron, and Transocean. This project utilizes a sub-sea centrifugal
pump to circulate the mud through a mud-return line back to the drilling platform, which
is then pumped back down the hole to circulate drilling products. Another project utilizes
a sub sea pump to pump the mud back up the riser.

Mineral Management Services (MMS) would like to explore other methods of
Dual Gradient technology, specifically a method or design which would implement Top
Hole Dual Gradient technology, in which a dual pressure gradient would be employed
when drilling the first two intervals of petroleum well. It is hoped that such a system will
make sub-sea drilling operations more efficient, less costly, and faster.

Team MC? hopes that the proposals and designs presented herein address the need
presented by the project sponsor, as described and understood by us in the following need
analysis. Having identified the exact need, conceptual designs were developed,
whereupon one was down-selected to refine and develop into an embodiment design.

The final embodiment design presented in this report represents a semester’s worth of
design and effort by this team, and it is hoped that this design will effectively

communicate the potential and feasibility of Top Hole Dual Gradient drilling technology.
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Need Statement

Upon initially reviewing the problem and accompanying material, the team began
to immerse themselves in the knowledge of deep-sea petroleum drilling to better
understand the situation in which the problem was presented. After gaining a deeper
understanding of the material, the team was able to apply that knowledge to the need

presented, and the following need statement was developed:

“There is a need for a deep-sea drilling package that utilizes Top Hole Dual
Gradient Technology to safely drill petroleum wellbores at a depth to exceed current

capacity using an optimal amount of materials.”

Another need statement developed by another team member covered other

principles not covered by the above need statement.

“There is a need to design a system of device enabling the use of Top Hole Dual
Gradient Technology, providing mud return, and enabling the ease of integration with

the existing drilling rig equipment.”

It was felt that both need statements covered points that should be included in a
final need statement, which led the team to simply combine the two need statements.

This yielded the teams final need statement.

“There is a need for a drilling mud recirculation system enabling the use of
Dual Gradient Technology to the Top Hole of well bores to improve drilling
efficiency to the maximum depth using an optimal amount of material and cost, and

is easily integrated with the existing drilling package.”
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Function Structure

There is a need for a drilling mud recirculation system enabling the use
of Dual Gradient Technology to the Top Hole of wellbore to improve
drilling efficiency to the maximum depth using an optimal amount of
material and cost, and is easily integrated with the existing drilling

package
FR 1: Improve FR 2: Control FR 3: Integrate the
drilling efficiency extreme pressure system with existing
variations

drilling package.

Figure 1. Primary Function Structure
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FR1: Improve
drilling efficiency

FR1.1: Drill to higher
depths with first two
casings

DP: Depth to be more than
4000-5000 ft.

PC: Pressures

FR1.1.1: Reduce pressure
experienced by casings by
utilizing dual pressure
gradient system

DP: Hydrostatic pressure
below sea floor

PC: Pressures, material

FR1.2: Emulsify gumbo-
mud soup

FR1.3 : Return drilling
mud

DP: Volumetric flow
PC: Contaminant,
pressure gradient

FR1.2.1: Divert soup
from wellbore to grinder
and separator through
proper channeling

FR1.3.1: Channel mud from
grinder and separator to pump
inlet through series of conduits
DP: Volumetric flow

PC: Contaminant, inlet-outlet
pressure difference

FR1.2.1.1: Drive the
grinder and separator
using turbine

FR1.2.1.1.1: Grind and
separate gumbo from
mud

DP: Soup flow rate

PC: Pressures, particles
density, hardness, and
size

FR1.3.1.1: Provide power
source and power
transmission to pump

DP: Power

PC: Power Transmission

FR1.3.1.1.1: Displace
mud to rig through
series of conduits
DP: Volumetric flow
PC: Contaminant

Figure 2. Function Structure: Section 1.0

FR: Functional Requirement — Describes What Needs to Be Done
DP: Design Parameter — Measurable Quantity

PC: Primary Constraint — Number Defining Limits
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FR 2: Control
extreme pressure
variations
|
FR 2.2: Prevent back
FR 2.1: Arrest excess flow of mud
pressure from kick in
[
FR 2.2.1: Utilize non-
] returning valve in
FR 2.1.1: Measure FR 2.1.2: Generate mud-return line
return-mud pressure at actuation control DP: Pressure,
grinder and separator signal from sensor volumetric flow of
inlet pressurized gas
[ PC: Pressure
FR 2.1.2.1: Shut off

I mud pump inlet

FR 2.1.1.1: Utilize DP: Pressure,

X . volumetric flow of
piezoelectric pressure ressurized gas
sensor to measure P ) 9

PC: Pressure
return-mud pressure
DP: Voltage, pressure
PC: Sensor response,
sensitivity

Figure 3. Function Structure: Section 2.0

FR: Functional Requirement — Describes What Needs to Be Done
DP: Design Parameter — Measurable Quantity
PC: Primarv Constraint — Number Definina Limits
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package

FR 3: Integrate the system
with existing drilling

FR3.1: Interface
BOP - MLP
package

FR 3.2: Interface
MLP - Rig
package

FR 3.1.1: Flexible
connection to allow
high degree of
movement

FR 3.1.2: Prevent
water ingress into
MLP

DP: Linear and

angular displacements
PC: Material
properties

FR 3.1.2.1: Maintain
suction pressure above
hydrostatic pressure
DP: Hydrostatic
pressure

PC: Material
properties, saline
environment

FR 3.2.1: Flexible
connection to
allow high degree
of movement

DP: Linear and
angular
displacements
PC: Material
properties

FR 3.2.2: Withstand
operating condition
DP: Temperature,
pressure, current
flow

PC: Marine
environment

Figure 4. Function Structure: Section 3.0

FR: Functional Requirement — Describes What Needs to Be Done
DP: Design Parameter — Measurable Quantity

PC: Primarv Constraint — Number Definina Limits
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Concept 1: Hydraulically driven Impeller Pump

The first conceptual design is based on the usage of hydraulically-driven impeller
pumps. Figure 8 shows how the fluids move inside basic impeller pump. This pump may
be the most versatile pump available. For example, the total head can be increased by
linking more than one impeller blade together. The impeller’s blade is available from 1
inch to 10 inches or more. This pump is chosen due to the fact that it performs well to
move impure liquids that may contain abrasive or aggressive slurry solutions with
particles of various sizes. In addition, it is available in many different ranges of
specifications thus; a complete redesign work may not be necessary, they operate with
uniform flow and relatively quiet, and have a low initial cost.

Aside from the benefits offer by the impeller pumps, some of the drawbacks are
their operation depends on the back pressure, they are sensitive to air in the flow. These
two disadvantages may introduce large inaccuracy in flow rate calculations. In addition

to these disadvantages, they have a low limit to the viscosity of the fluid,

IMPELLER EYE

YOLUTE

IMPELLER

Figure 5: Basic Impeller Pump
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In our system, the pump will be placed inside a casing to prevent it from being
exposed to the sea water and its environment conditions. In turn, the casing will need to
be able to handle the hydrostatic pressure and exposure to sea water and other operating
condition that can leads to corrosion. Figure 9 shows the system configuration.

The power source of this system will be provided by a hydraulic system. A water
pump placed on the rig will be used to pump sea water to nozzle shaped discharge. This
high velocity water will be directed down to a turbine located on the mud line though a
series of pipes. The turbine will then be used to drive the impeller pump’s shaft, as well

as the grinder and separator.

Pump\._’—vg/hlome mud storage
i /Rig

Sea sur‘f;
/ Crill Strirmg

g retum line

Turzineg

Impeller Pump\T

Grinder and

S pc:rc:tor—________-

tAud suction end

Figure 6: System Description of Hydraulic Impeller Concept
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Concept 2: Mechanically Powered Double-Acting Force Pump

The route of the mud follows the general system overview, through the BOP and
the MC2 device, and through the grinder and separator. Finally, the mud is sent to the
pump, which is a double-acting force pump. On the down stroke, mud is sucked into the
cylinder through the top left valve, and pumped out of the cylinder through the bottom
right valve. On the up stroke, mud is sucked in through the bottom left valve, and
pumped out of the cylinder through the top right valve. The resulting pressure closes the
valves in which it is undesired that there by any mass flow. This system results in a
continuous mass flow through the system on both the up and down stroke of the pump

piston.

Figure 7: Double Acting Force Pump

The method of powering these devices is from a mechanical chain (see figure 11)
coupled to a series of gears with gear ratios that will provide the appropriate amount of
power to each system, including the grinder(s), the separator, and the double action force
pump. This mechanical chain will be connected to a large ring gear surrounding the drill
string. As the drill string is rotating, the gear will rotate and provide power to the pump

and other
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systems, thus circulating and processing the mud. This will be most efficient, utilizing
the power of the drill string, and since mud will only be produced when the drill string is
drilling, there is no need for the pump and related systems to require power when the drill
string is not operational. To address the problem of an ever-deepening drill string, the
ring gear will be mounted on top of the BOP in its own casing, with roller bearings to
allow it to rotate. The drill string pipe will be altered to have grooves down each pipe at
every 90 degrees, and these grooves will transmit torque from the drill string to the ring
gear. The grooves will be allowed to slide through the ring gear by roller bearings
mounted near each groove slot. All moving parts and machinery will be encased to

prevent foreign objects from tampering with the system.

Figure 8: Mechanically Driven Chain Configuration
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Ocean Surface

Lriling Yessel

Mud ~=——Dill String - Wellbore

Return
Lime———® ,
Detachment Device
hair ;
PUMP r‘—L;//Rhg Gy
Separatora] BOP
Grinder—ml :F,_‘;‘Lr/
Mud—Liﬁl Mus

- e|lbore

Figure 9: Mechanically Driven System Description
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Concept 3: Electromagnetically driven Diaphragm Pump

The third concept envisaged by MC?is the use of an “Electromagnetically driven
Diaphragm pump” to re-circulate the drilling mud from the mud line back to the floating
platform. The concept proposes to exploit the enormous potential and versatility of the
Diaphragm pump in handling drilling mud.

Overview of the Diaphragm pump and its Potential:

Diaphragm pumps are common industrial pumps that use positive displacement to
move liquids. Diaphragm pumps use a diaphragm that moves back and forth to transport
liquids from one place to another. It incorporates a sealed diaphragm with the material to
be pumped on one side and air on the other. The diaphragm is moved back and forth,
increasing and decreasing the volume of the pumping chamber and moving the material
to be pumped. Check valves prevent the pumped material from returning into the
pumping chamber. Pistons are either coupled to the diaphragm, or used to force
hydraulic oil to drive the diaphragm. Diaphragms can be fabricated from a variety of
materials such as ethylene propylene (EPDM), poly-tetra-fluoro-ethylene (PTFE), plastic,
rubber, and elastomers to resist a variety of operating conditions like extreme
temperatures, chemicals, sunlight, weathering, and ozone. Housing materials include
aluminum, brass or bronze, cast iron, plastic and stainless steel. Rugged diaphragm
pump housings can withstand high temperatures and may be exposed to various grades of
water, oils, and other solvents.

Diaphragm pumps are used in a variety of industries and applications. Some
devices are used in aerospace or defense, agriculture or horticulture, automotive, brewery
or distillery, construction, cryogenic, dairy, or flood control applications. Other
diaphragm pumps are used in food service, food processing, HVAC, machine tool,
maritime, mining, and municipal applications. Diaphragm pumps for oil and gas
production include special petrochemical and hydrocarbon devices that can transport
large quantities of crude oil, gasoline, kerosene, diesel oil, lubricating oil, paraffin wax,

asphalt, chemical raw material, and petroleum solvents.
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Some of the critical advantages presented by the Diaphragm pump which are essential in
the Sub-sea mud pumping operation are as follows:

e Diaphragm pumps are highly reliable because they do not include internal parts
that rub against each other. In fact, prolonged diaphragm life may be possible if
the diaphragm pump is run dry to prime.

e Diaphragm pumps can handle a range of media that includes abrasive materials,
acids, chemicals, concrete or grout, coolants, combustible or corrosive materials,
effluents, ground water, and gasoline or diesel fuel Power sources include AC
voltage, DC voltage, pneumatic or hydraulic systems, natural gas, gasoline,
steam, water, or solar power.

e Metering diaphragm pumps can deliver an even, smooth flow of air, gas or a

liquid at a predetermined or programmable rate.

System description:

The system utilizes a Diaphragm pump to pump drilling Mud from the mud line
to the floating platform. The MC2 device is coupled onto the BOP in order to channel
the incoming mud towards the diaphragm pump. Mud Inlet Pressure sensors and Mud
Inlet Mass flow rate sensors are located in the conduit from MC2 to the pump to sense
the pressure and flow rate of the mud. This will provide a means of detecting a kick-in if
and when there is a sudden pressure increase. The Mud enters the diaphragm pump
through the inlet valve during the suction stroke of the pump. The mud is pressurized by
the pump and discharged into the mud return pipe for recirculation. A pump chamber
pressure sensor is located on the pump wall to protect the pump from damage due to
excessive pressure. The sensor can generate signals to actuate a relief valve to release
any abnormal pressure build up and protect the pump.

The piston reciprocates in a smooth bearing block which serves as a guide for the
piston motion. The pump is powered by an electromagnetic force. An AC/DC supply
located on the floating platform transmits electric current to an electromagnet situated at
the mud line. The current is transmitted down an electric cable that is located within the
cable housing already provided by the rest of the THDG project. This electromagnetic
force is used to reciprocate the piston of the diaphragm pump. The piston stroke is
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controlled by an Electronic control module which receives signals from various sensors,

such as pressure sensors, flow sensors, piston position sensors, etc., and generates an

appropriate actuation signal.

4

System components

Riser

MC2

BOP

Inlet valve assembly

Diaphragm pum|

6

9

10

Electromagnetic drive

Pump chamber pressure

sensor and relief valve

Outlet valve assembly

Mud return pipe

Floating platform

Mud inlet
pressure,
volumetric/mass
flow rate sensor

11

Shaft guide
bearing block

AC/DC power
source

13

Electronic control

14 module

Table 1: Diaphragm Pump System Components

Figure 10: Electromagnetic System Description
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Figure 11: Diaphragm Pump

Figure 12: Power Cable Clamp on Mud Return Pipe
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Recommendation

The down-selection method used was that of a quantitative weighted-average
analysis. A set of criteria was developed describing aspects of the need that each concept
had to address. Each criteria was given a certain weight percentage based upon how
important that criterion was in relation to the rest of the criteria. The total weights of the
criteria added up to 100%. For each criterion, each concept was assigned a certain
number of points based on how well that concept met that criterion, relative to the other
concepts. The total number of points assigned to all concepts for each criterion equaled
100. Each assigned point value was multiplied by the criteria weight to obtain the
weighted points assigned. Then, all weighted points for each concept for every criteria
were added together to obtain a total score for each concept, which rated its performance
and the ability to meet the need relative to the other concepts. The total scores of all 3
concepts added up to 100. Finally, each of these scores for each individual on the team
was averaged with the other individuals from the team, and the final score was assigned
to the concepts, from which the highest scored, was chosen by the down selection process
as the down-selected concept. This was the hydraulically driven impeller pump system.
Though it was similar to the mechanically driven system in most respects, it was
determined that it would prove more reliable in practice, and was scored accordingly, as
well as other differences.

The team then deliberated on an objective and subjective basis about the concept
recommended by the process, and decided that since each concept’s score averaged out
relatively close to the other concepts, each concept is worthy of merit. While the final
design will most likely resemble the hydraulically driven impeller pump concept, it is
also likely that the final design will include facets of the other two concepts.
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Integration
with Maintains

Weighted
Electromagnetic

Hydraulically
Driven Impeller
Pump

Weighted
Mechanically
Driven Double

Table 2: Individual Scoring Method for Concept Analysis

Chris D |Mahesh |[Chris K |Average

Electromagnetic
Diaphragm Pump 32.25 35.5 30

Hydraulically Driven
Impeller Pump 35.25 37.75 34

Mechanically Driven
Double Acting Force
Pump 32.5 26.75

Table 3: Team Scoring Average
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Post-Recommendation Summary and Final Design Selection
Having down-selected to the hydraulically driven impeller pump, it was the wish

of Team MC2 to design the embodiment design using a hydraulically driven impeller
pump that derived its power from rotation of the drill string using the power
configuration of concept 1. Unfortunately, it was found under the following stress
analysis that the drill string would be unable to withstand the torque required to provide
the power to the pump and to drill through the sea floor. It may be possible in the future
to add gear reductions and other ways to minimize the torque around the drill string, but
given requirements on Team MC2, it was decided it was more feasible to utilize a

different concept to power the impeller pump.

Figure 13: Stress Analysis

Additionally, the desire to use hydraulics to transmit power from a turbine on the
drilling platform to a second turbine on the sea floor, utilizing sea water as a pressurized
working fluid to transmit power, was found infeasible as it would require an enormous
turbine, and that the pipe required to transmit the kind of flowrate of water required to
drive the pump with the necessary power would be as large or larger than the riser,
negating the positive effects of designing without the riser.

Given these considerations, it was determined that the best method of powering
the pump in our design was to use an electrically powered system by running power
cables to the bottom of the ocean. The following design is a culmination of this approach
and the recommendation given in the conceptual design report.
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Overall System Description

The overall system is presented below. The drilling platform (12) is located on
the surface of the water. From this, the drill string (1) extends down through the ocean
down to 12,000 feet in depth to the sea floor and drills the well. A blow-out-preventer
(BOP) (3) is located at the top of the well bore and controls pressure fluctuations inside
the well bore during drilling. The drill string is fed through the BOP (3). As the drill
string (1) drills, mud, a lubricating fluid including water, earth, and chemical additives
and emulsions is circulated through the drill string to lubricate the drill bit and wash away
cuttings and drilled earth. The mud is then circulated to the top of the BOP (3), where
currently the mud is dumped on the sea floor.

This is where Team MC2’s design enters. The purpose of our design is to pump
the mud back to the drilling platform (12) and continually recycle it through the drilling
process. Our design begins with the rotary diverter (2) which channels the mud from
the BOP (3). Mud is then fed into the separator tank (4) where sediment accumulates.
The strainer (15) controls entry of particulate matter and rejects particles that might
harm the pump (5) or cause an undesired pressure drop. There is a sediment by-pass
line (14) that controls pressure before and after the pump (5). A nozzle (16) acts as a
water jet pump that aids in the feedback system meant to control particulate matter
entering the pump (5). The mud then proceeds from the strainer (15) into the impeller
pump (5). This mud is then pumped up through the mud return line (8) up to the
drilling platform (12). Once arrived, the mud will be channeled through the shale
shaker/coolant/separator chamber (11) to remove any other debris and to treat the
mud, and the mud is then recycled back through the system to be pumped down the drill
string (1). The mud return line (8) has several ball-joints (9) and 2 adapters in between
the joint that allow the line to flex with the ocean over the 2 mile distance. The mud
return line (8) will be fed down to the bottom of the ocean using the pipe arrestor (10).
The pump (5) will be powered by an electric motor (6) located at the ocean floor, and
will be powered by a generator (13) located on the drilling platform (12). Power will
be transmitted by cables (17) running from the generator (13), coupled to the mud

return line (8) down to the motor (6).
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Mudline
1: Drill String 7: Back Pressure regulator 12: Drilling platform
2: Rotary Diverter 8: Mud return line 13: Generator
3: BOP 9: First Ball joint at 40m 14: Sediment By-pass line
4: Separator tank height 16: Nozzle
15: Strainer 10: Pipe Arrestor 17: Conduit of Electric wires
5: Impeller pump 11: Shale shaker / Coolant / supported with clamps
6: Motor Separator

Figure 14: Overall System Description

With this proposed configuration, the drilling mud is effectively circulated
throughout the entire drilling system, guaranteeing an economical way to prevent the
costly waste of dumping the drilling mud and its additives on the sea floor, and the
environmental problem that creates. The detailed descriptions of each component can be
found in the following section.
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Detailed Design Analysis

Mud Return Line Pipe

The size of mud return pipe proposed in our design is 4.276 in 1D pipe made of S-
140 Steel. This material is more brittle than any typical drill pipe but stronger with high
tensile strength of 140,000 psi.

Pipe density 0.308 Ih/in"3

——— : - = 2
Drill Pipe Dill Pipe Nnmmal Adjusteu;i AP| Steel 1DD,_JB Ultlmgte
Tube 0D Tube ID [in ] Weight | Owerall Joint Srade Tensile Tensile
[in.] | Tube [Ibit] [Weight[lb/f] Strength Strenght

5 4276 19.5 221 =-140 738 443 140,000

Table 4: Drill String Properties

Figure 15: Drill String Pipe Section

The mud return line will be subject to interior and exterior hydrostatic pressure.
The exterior hydrostatic pressure will be due to the seawater, and at 12,000 feet can
approach 37 MPa (5,350 psi), while the interior hydrostatic pressure is due to the mud,
and that pressure can approach 43 MPa (6,228 psi) at 12,000 feet. This results in a
resultant hoop stress of 36 MPa (5,343) forcing the pipe radially outward. Fortunately,
the design check gave the drill string pipe section a factor of safety of 2.3 under those

conditions.
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Figure 16: Drill String Design Check

Figure 17: Stress Analysis of Drill String

The pipe for the mud return line used in the design is made of a series of 31.6 foot
long pipe sections with 4.276in. 1D pipes. This will require approximately 380 pipe
sections to reach 12,000 feet. It is threaded on both ends so that pipe sections can be
screwed in together. The pipe will be set using a pipe arrestor, as shown below, which is

already in use to lower the drill string.
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Figure 18: Pipe Arrestor

This pipe is the exact same pipe being used for the drill string. It was selected
because it is commercially available in mass quantities and can withstand the loads in
question adequately. In fact, most drilling vessels as a matter of procedure carry 1 or 2
extra lengths of drill string on board anyway during drilling operations, so it naturally

makes sense to take advantage of this extra pipe and use it for the mud return line.

Ball-Socket Joint and Adapter

In order to compensate for movement of the pipe due to underwater sea current
and the movement of the ship, the mud return line is needed to be connected by a special
joint. This joint should provide flexibility to the Mud Return Line by providing a large
degree of movement.

The type of joint chosen to address this need is the Flex-Lok Boltless Ball joint.
The pipe joint is manufactured with variety of sizes, strength, and type of coating by
American Ductile Iron Pipe. The coating used to protect the joint from corrosion is
epoxy primer. These data along with other technical data are provided in their web site.

See Reference for company web site.

Texas A&M University — {Team MC?} Page 4



Embodiment Design Report — {Dharmawijatno, Sonawane, Krueger} Fall 2005

Figure 19: Ball & Socket Joint

Figure 20: Ball & Socket Joint, Hidden Lines

The selection of the size of the joint is done by considering the worst joint
location on the mud return line assembly, which is located at the very first connection
approximately at the depth of 1000 feet below sea surface. At this location, the ball and
socket joint will be exposed to a pull down weight of 117 tons (234,000 Ib) due to the
total weight of the mud return line minus the effect of buoyancy. In addition, the joint

will also be exposed to a hydrostatic pressure of approximately 445.89 psi.
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With these facts considered, the size of the joint chosen for the mud return line is
24 in. ball and socket joint which, according to the catalog, has a maximum safe end pull
of 130 tons (260,000 Ib). Each joint also allows a maximum cone of freedom of 15
degrees.

In order to realize a connection between the mud return pipe and the 24 in. ball
and socket joint, an adapter needs to be utilized. The design and material selection of the
adapter is done by considering the conditions at the worst joint location in the mud return
line assembly. With the requirements for the adaptor’s performance made to be the same
as for the pipe joint, the material chosen is steel alloy. In addition, the adapter will also
provide thread sizes that are made according to the mud return pipe and the ball and

socket joint threads sizes.

Figure 21: Stress Analysis
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Figure 22: Strain Analysis

Figure 23: Design Check
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Problem of pumping slurries:

A slurry is any solids suspended in liquid that cannot be dissolved by controlling the
temperature and/ or pressure. The solids may or may not be abrasive. It does no good to
try to identify the number of solids or their size because no one knows how these
numbers relate to slurry related seal problems. Whenever we deal with slurries there are
several problems we must consider:

e The slurry can clog the flexing parts of a mechanical seal causing the lapped faces

to open as a result of both shaft and seal movement.

e If the slurry is abrasive it can wear the rotating components. This can be a serious
problem with thin plate metal bellows seals.

e The pump rotating assembly will go out of balance as the slurry wears the
impeller and other rotating components. This will cause excessive moving of the
seal components.

e The pump will lose its efficiency as critical tolerances wear rapidly. This can
cause vibration and internal recirculation problems. The wear will also cause the
need for frequent impeller adjustments that will cause problems with mechanical
seals

Proper control of slurry is important for the functioning of the impeller pump.

Water Jet pump Effect:

A Jet Pump is a type of impeller-diffuser pump that is used to draw water from
wells into residences. It can be used for both shallow (25 feet or less) and deep wells (up
to about 200 feet.)
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Figure 24: Water Jet Pump Effect

Shown in the figure above is the underwater part of a deep well jet pump. Above
the surface is a standard impeller-diffuser type pump. The output of the diffuser is split,
and half to three-fourths of the water is sent back down the well through the Pressure
Pipe.

At the end of the pressure pipe the water is accelerated through a cone-shaped
nozzle at the end of the pressure pipe, shown here within a red cutaway section. Then the
water goes through a Venturi in the Suction Pipe.

The venturi has two parts: the Venturi Throat, which is the pinched section of the
suction tube; and above that is the venturi itself which is the part where the tube widens
and connects to the suction pipe. The venturi first speeds up the water, causing a pressure
drop which sucks in more water through the intake.

The Impeller bypass system:

As discussed above the slurry can be detrimental to the functioning of the
impeller pump. Even though minute particle can be handled by the pump it is important
to prevent the big particle from entering the pump domain. The figure here shows the
impeller bypass system. The system consists of a tank of 2000 gallons volume. The
drilling mud entering the tank is made to pass through a strainer on its way to the

impeller pump. This will lead to separation of the contaminants which will tend to settle
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at the bottom of the tank. An outlet pipe is routed from the bottom of the tank to the mud
return line. This line will serve as a bypass line for the contaminants. These contaminants
are then pumped because of the “Jet Pump Effect” caused by the high pressure water
flowing through a nozzle located in the bypass line. This high pressure water is obtained

from the outlet of the pump.

-
e

}

— [ /By-Pass System

Sediments
Figure 25: Impeller By-Pass System

Components:
e Storage tank : 2000 gallons
e Strainer: Dish Type
e Outlet conduit to the Pump
e Bypass pipe
e 4”7 Nozzle Assembly

e High pressure pipe line.

Problem of Airlock

Any significant amount of air entering the impeller pump can cause problems in
the working of the impeller pump. Formation of air pockets will hamper the pressure
generation in the pump. With the air pocket; the rotating pump impeller cannot develop
enough constant hydraulic pressure to force the air all the way through the system. Hence
it is important to monitor the pump outlet pressure continuously and maintain a back

pressure on the outlet. The figures below show the pump functioning in normal mode.
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Figure 26: Normal Operation

The figures below show the pump operating with air lock.

Pump Wet End Abnormal Operation

End View
©
. Suction

Went

AR LOCK

Discharge

Figure 27: Abnormal Operation

Back Pressure Regulator

The back pressure regulator is a normally closed valve installed at the END of a
piping system to provide an obstruction to flow and thereby regulate upstream (back)
pressure. The backpressure regulator is called upon to provide pressure in order to draw

fluid off the system.
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crew Is used to set spring force.

N
\

Ay

Spring(s) holds the valve closed.
When inlet pressure

overcomes the spring setting,
the valve begins to open.

SENSING DIAPHRAGM
Transmits inlet pressure
to spring.
REGULATED INLET
PRESSURE |

Valve begins to opsn hsere

BACKPRESSURE REGULATOR
Normally-closed valve

when prassure excesads set point,

maintains pressure upstream

Figure 28: Back Pressure Regulator

Impeller Pump
Model: DMX API 610 (BB3), Between Bearing, Axially Split, Multistage Pump

Manufacturer: Flowserve Corporation

The pump basically is a multistage impeller pump. It consists of a series of
impellers mounted on a single shaft. The shaft is supported on numerous bearings in the
pump casing. Two stages are connected through volute passages. The volute serves to
convert the velocity head into pressure head to minimize losses. Each impeller
pressurizes the incoming fluid to a stipulated pressure and discharges in to the next
impeller. In this way the pressure of the fluid id gradually increased as it flows through

the pump.
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Figure 29: Multi-Stage Impeller Pump

Design Features and Options Available:

Pump Design incorporates double volute hydraulic passages for radial thrust
balance and opposed impeller mounting for axial thrust balance.

Seal Chambers to API 682 dimensional criteria allow for installation of cartridge
design single, dual unpressurized and dual pressurized mechanical seals to meet
safety and environmental requirements.

Shaft Options include double extension for connection to auxiliary pumps or
hydraulic turbines, and special shaft end machining for hydraulic fitted couplings.
Baseplates Designs and Pump Packages engineered to contract requirements.
Dynamic Balancing and TIR Verifications on assembled rotors assure optimum

mechanical performance throughout the operating range.
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Features:

Choice of bearings

Ball radial and thrust

Sleeve radial and ball thrust

Sleeve radial and tilting pad thrust
Tilting pad radial and tilting pad thrust
Choice of materials

Carbon steel

12% chrome

Austenitic and duplex stainless steels
Monel

Operating parameters

Flow rate: Upto 13000 gpm

Head: 7000 ft

Specific Gravities: Down to 0.35
Speeds to 8000 rpm

Pressures to 275 bar (4000 psi)
Temperatures to 200°C (400°F)
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Figure 30: Pump Characteristic Diagram

AC Generator Type AMG 0900

The pump selected requires approximately 5.03 MW or 6,737 hp in order to
displace the mud with the desire flow rate to the floating rig. To address this need, AC
Generator capable of producing at least the same amount of power required is a must.
The AC generator chosen is AMG 0900 manufactured by ABB. This generator is
capable of producing up to 10 MW. The generator is built to specifications and in
constructed under license by Alstom. Our design would require a 60 kV supply at 60 Hz.
This yields a current of 100 Amps and a power output of 6 MW, with a factor of safety
computed. The water cooled synchronous generator, which conforms to IEC and NEMA
standards, is designed using ABB’s patented Powerformer technology, in which they
have specially designed the stator using a groundbreaking cable winding concept. This

generates extremely high voltages, in fact, it is known as a VHV (Very High Voltage)
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generator. These high voltages allow for the generator to produce electricity at a high
enough voltage so that a transformer is not required. The high voltages and low currents
involved insure that minimal losses can be expected along the 2 mile distribution line
from the drilling platform to the motor on the sea floor. In addition, this generator is
environment friendly and capable to withstand a corrosion environment. Please refer to

Appendix E for product catalog.

Figure 31: AMG 900 Computer Model
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Figure 32: AMG 900 as built

Power Transmission Cables

Type: Superconducting (HTS) power cable

A High Temperature Superconducting (HTS) power cable is a wire-based device
that carries large amounts of electrical current. There are two types of HTS cables: Warm
Dielectric cable and Cryogenic Di-electric cable.
The power transmission will be done through Cryogenic Di-electric Superconducting
(HTS) power cable, because of its extremely high efficiency and ability to caryy higher

currents.

Cryogenic Dielectric Cable

The cryogenic dielectric is a coaxial configuration comprising an HTS conductor
cooled by liquid nitrogen flowing through a flexible hollow core and an HTS return
conductor, cooled by circulating liquid nitrogen. This represents an enhancement to the
warm dielectric design, providing even greater ampacity, further reducing losses and

entirely eliminating the need for dielectric fluids.
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Cable Assembly —
anle AsseEmoiy ' — Duct
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) S Pipe Coating
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Liguid
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L ASH

]
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Figure 33: Construction of a cryogenic dielectric HTS cable

Advantages & Features:
e Enables three to five times more power transmission in the same space as that of
conventional cables.
e Significantly lower impedence than conventional cables
e Reliable and secure because they can be designed to be smart and controllable
e Lower environmental impact because they eliminate oil and coolant used in some

conventional cables.

Electric Motor
Type: Very High Voltage (VHV) AC Synchronous motor.

Manufacturer: ABB Inc.
The motor intended to be used is the Very High Voltage (VHV) AC Synchronous

motor from ABB to drive the Hydraulic pump. ABB Inc. has introduced a novel "very
high voltage" (VHV) ac synchronous motor product able to operate with inputs in the 20-
70 kV range. VHV "Motorformer,” an ABB-trademarked name, combines motor and
transformer functions, eliminating the need for an intermediate transformer. The design
applies to 4- and 6-pole machines. When not speed regulated, the four-pole motor has
synchronous speed of 1,500/1,800 rpm at 50/60 Hz operation.

Motorformer's design is based on conventional synchronous motor technology,
including many proven parts, such as an identical salient-pole rotor and conventional

bearings. However, the main differentiator is the stator, in which the designed stator
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windings and stator core slotsare incorporated. Motorformer's cables are cylindrically

shaped, which produces a homogenous electrical field strength, and makes it possible to

increase voltage levels compared to the conventional rectangular-shaped windings. The

cylindrical cable incorporates a solid dielectric layer of cross-linked polyethylene (XLPE)

insulation, but uses no metallic shielding.

Figure 34: Electric Motor

Specifications:

Output power: 5.5 MW at 50 Hz
Voltages: 20 to 70 kV
Frequency: 50, 60 Hz or VSD
Protection: IP54, IP55, IP56
Cooling: Water cooled
Standards: IEC, NEMA
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Figure 35: Motor Characteristics

Motor Cooling:

The motor provided by ABB comes equipped with its own cooling system. The
cooling system chosen is the Air to water cooling system which is most suitable for this
application.

The cooling air circulates in a closed circuit through the active parts of the motor
and then through an air-to-water heat exchanger. This configuration passes hardly any
heat to the surrounding environment, and represents an ideal solution for situations where
closed circuit cooling is required due to installation outdoors, installation in a hazardous
area, or whenever the quality of the surrounding air is not otherwise suitable for direct
cooling. It is also ideal for installations in machine rooms with limited ventilation, such

as on board ships or in pumping stations which are fully enclosed.
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Figure 36: Air to Water Heat Exchanger

Transmission shaft

This transmission shaft is being used for power transmission from the motor to

the pump.
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Specifications:
e Diameter = 160 mm
e Length =750 mm

Calculations:
Design as per ASME code:
o Permissible shear stress: - Least of: 0.35,, &0.18S

e Since the load is intermittent and sudden starting and stopping may take place,
We select

e Combined Shock and fatigue factor for bending: Kb = 2

e Combined Shock and fatigue factor for Torsion: Kt = 1.5

Permissible shear stress

7, =0.35, =0.3x220 = 66N /mm’
or
7, =0.18S,, = 0.3x399 = 72N / mm?

We select the smaller 7, that is 66N/mm>,

Torque, M " =37377x10°Nmm

4o 16%(k, M) + (kM,)?
Ty
45 16x4/(0)? + (1.5X34377000)?
TX66

d =158.5=160mm
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Figure 37: Stress Analysis
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Figure 38: Coupling Flange
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Figure 39: Coupling Flange Stress Analysis

Flange mount:
The pipe will be supported at the bottom on the casing for the motor and pump.

The flange shown below will be threaded on to the lowermost pipe of the mud return line.
It has got mounting holes on which the male end of the Quick connect coupling can be
bolted.
Specifications:

e Material: Cast Alloy Steel

e 5” Inner diameter with internal threads

e 8 holes along 10” Pitch circle diameter
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Figure 40: Flange Mount

Figure 41: Flange Mount Drawing
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Figure 41: End Pipe with Flange Mount

Figure 42: End Pipe Assembly with Quick Connect Coupling
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Quick connect coupling:

Quick connect couplings suitable for sub-sea operations are available readily from
Walther Prezision. Sub sea control system couplings are designed and manufactured to
meet the rigorous demands of the offshore industry, supplying both mono and multi
coupling systems for platform and underwater use.

Use of a Quick connect coupling to connect the Mudline will ensure fast, safe
connection and separation of control system lines on topside and subsea structures.

Use of Quick connect coupling will offer following Design features:

e Clean-break during connection and separation

e Nominal bore sizes ranging from 2mm - 200mm

e High pressure models up to 12,500psi

e Robust materials including stainless steel, Monel, Super Duplex,

Hastelloy,

e Highly reliable seal configurations using NBR, HNBR, FPM, FFKM and PEEK

e Cam action or pull-in action locking design features on multi-coupling systems

e A rrange of special features including non-interchangeability and pressured line
connect-ability

Images below show the method of connection of the Quick connect coupling by a diver.

Figure 43: Quick Connect Coupling
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Dish Type Strainer:
This strainer is located in the Storage tank at the outlet to the Impeller pump.

Figure 44: Strainer

5” Pipe size Strainer to be used:

Specifications:

e D1=11"
o D2=5"
e T=11-GA

Applications: Oil / Fuel / Chemicals

Casing (Capsule)

As mentioned before, the main component of the pump system, the pump and the
motor, needs to be place on the sea bed. This is key in order to avoid cavitations on the
pump system should the pump be placed on the floating rig. Thus, a body such as a
casing is essential in order to protect both the pump and the motor used from high
hydrostatic pressure and other factors that can affect the life of the devices just
mentioned. The casing is intentionally designed in a form of capsule to minimize the
amount of material needed. See figure 45. In addition, a structure in which the casing
will be mounted should also be used in order to ensure the stationary of the casing. The

idea of what the structure might look like can be seen in figure 46.
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Due to high hydrostatic pressure and other extreme factors on the sea bed, S-140 Steel
which has a very high tensile strength is chosen for the casing material. The inner
diameter and the length of the casing are determined by the space needed to contain both
the pump and the motor with necessary clearances. The height of the highest component,
the motor, is approximated to be 12 ft. The length of the pump and motor aligned is
approximated to be 24 ft. With these information known, the 1D, total length, and
thickness needed for the casing are approximated to be 20 ft, 51.4 ft, and 0.78 ft

respectively. Refer to Calculation section.

Figure 45: Section View of Casing
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Figure 46: Capsule Stand with Section View of Casing

Aside from providing protection, the casing should allow a connection between
the pump on both the suction and discharge sides to connect to the mud line assembly
outside of the casing. This function is provided by a flange mount intended for the quick
connect coupling. Refer to Flange Mount and Quick Connect section. In addition, the
casing should also allow for an inlet and outlet to allow sea water to flow through the

heat exchanger for cooling of the electric motor.
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Figure 47: Casing Stress Analysis

Figure 47: Casing Stress Design Check
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Results and Calculations

The flow, pump head, and pump power calculations are made by considering the

facts below. Where facts are given in set of range, the value that could result in worst

scenario is chosen.

General information:

The flow rate of mud pumped to the surface should be equal to the flow rate of

mud pumped into the well bore.

This flow rate ‘Q’is in the range of 1,200 to 1,500 GPM (4,260-5,775 in%/s),
Mud density ' p, '=10ppg (0.043291b/in%),

Dynamic mud viscosity 'z, '=10ccp,

Kinematic mud viscosity 'v,, '=8.34cst

Specific gravity of mud ‘SG,,’= 1.199

Specific gravity of salt water ‘SGs,’= 1.03,

Saline (salt water) density ' p,,'=0.0371b/in®,

Due to the fact that the mud is pressurized into the well bore, the mud at the

wellbore level will have an excess pressure of 10,000+ 30% psi.

Drill Mud Pipe:

S-140 Steel with tensile strength of 140,000psi is used,

Total vertical length of pipe is 12,030 ft: 12,000 ft on discharge line and 30 ft on
suction line,

Except for the length, pipe size used on the discharge and the suction line is 4.276
in. ID, 0.362 in. thick, and 30 feet long each,

Pipe density 0.308 Ib/in3,

Approximate roughness “ & ”of pipe inner surface is 0.00015 ft
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Material 5-140 Steel

e{roughness) o ) Ldischa [Lsuction] Mud Mud | lynamic Mud | Kinematic 56 Saline
0 [GPM Afin*3isec ftis*2 G Mud
[ft] [GPM} ! 1) ol ! rge[ft] ft] density[ppag] | density]l |viscosity [cep] [Mud viscosity Saline [density{lb
1 50E-04 1500 5775 322 12000 30 10 0.04329 10 8.34 119304 | 103 | 0036972

Table 5: General Facts

Flow Calculation

The flow calculation begins from flow type determination. The type of the flow
is determined by calculating the Reynolds number and is considered to be laminar if
Reynolds number is less than 2,000 and turbulent if otherwise. The equation below is

used in Reynolds number calculation.
V [ft/s]xD[in]

Re =7745.8x
v, [cst]

where :
V = velocity of mud
v, =Vviscosity of mud

The velocity of the fluid flowing in the conduit can be determined by using the

equations below

V[ftls] = 0.40852><_Q2[gpm]
D/[in’]
or
V[mis] = 21.22><2Q[t/min]
D;"[m7]

Due to the fact that both side of the pipes (suction and discharge) have the same

cross-section area, the velocity and the R, of the mud inside these pipes is calculated to be
33.5 ft/s and 113,090 respectively. Based on the R, flow along the pipe is determined to

be turbulent.
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1 Suction side

2 Discharge side
| Ibdischarge |Thickness1 | Thickness? | Areal | Area2 ; ) . ) f {coefficient of
1D suct | D2 Vel ftis] | Velocity2[ft/ Rel Re?
suction [in] fin] fin] fin] i | 2 [ elocityl[ft's] |Velocity2[ftis] | Re 8 T o
4276 4276 0362 0.362 52746 | 527450955 4 MME-04 | 4. MME-04 | 3351258487 | 3351253487 | 133090 | 133090 | 0.0193441 | 00193441

Table 6: Flow Calculations

Total Head and Power Calculation
The total head consists of static head, head pipe friction loss, and head fitting
friction loss. There are two different terms used for total head; they are total head
available “‘Hy” and total head required “H;’. As the name implied, H, is the total absolute
pressure in feet or meter accounting any losses due to frictions. H; on the other hand is
the required absolute pressure in feet or meter needed to overcome any losses due to
frictions. Mathematically, these two total heads are presented below.
H,=H,+H_, -H, —Hg
H =H,+H,+H_ -H
Where:
H,, = Total head already available in wellbore (13,485.78ft)
H, = Static Head (vertical length of pipe = 12,030 ft)

H., = Head Pipe Friction Loss
H.- = Head Fitting Friction Loss

av

The Darcy-Weisback equation below is used to calculate the head loss due to pipe
friction.
2
Hoo[ 7] =12 f x L X (VLT/S])
Di[in]x 29[ ft/s?]
f = friction factor

g = earth gravitation=32.17 ft / s*
L =lenghtof pipe

V = velocity of discharged fluid
D, = inside diameter of pipe
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The friction factor is a function of the Reynolds number and the relative
roughness % ’. There are two ways of determining the friction factor “f’: using the
equations provided below or by using the Moody diagram provided in the APPENDIX.

Depending on the type of the flow, the friction factor can be calculated by:

f = %,for laminar flow

e

or
f = 2'25 TR for turbulent flow
(logy, (ﬁ“L R. 09 )’

Due to same cross section size of the pipe used on both suction and discharge
sides the friction factor is calculated to be 0.0193.
The Hg, calculated for both the suction and discharge sides are 28.401 ft and
11,360.64 ft respectively.
The head loss due to pipe fitting is calculated by using the equation below
_ Kx VA[ft/s]
T (2xglfts’])
while
K is a factor based on the type of fitting
As a rule of thumb, in a situation where the K value is not available, Hg can
conservatively be calculated as 30% of the total Hs, (from both suction and discharge
sides). Thus, the H¢ calculated is 3,416.71 ft.
With all of the heads determined, Ha and Hr are calculated to be 10,710.02 ft and
13,349.97 ft respectively.
To calculate the pumping power needed to displace the mud from the well bore to

the sea surface, the equation below is used.

Qlgpm]H, [ft]SG

Power[hp] = 39607

where :
n is the assumed pump efficiency (80%)
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With all variables determined, the power required is calculated to be 6,737.02 hp
or 5.03 MW.

Pav[psi] 30% Deviation Pa [psi] Hau[ft]  Efficiency["]
10000 03 7000 1348578 03
. Friction Head Loss Total Head
ID BHP[HP] | BHP BHP!
fin] Hipsuction[ft] | Hpdischarge[ft] | Hf{30%)[ft] Hplft] Halft] Hrlft] [HP] (KW) (W)
4278 2840159435 1136063795 | 316711874 12030 10710029 13349 97145 £737.0202 | 50258171 | 50258171

Table 7: Power Result

Stress Calculation

Pipe

The performance of the pipe is evaluated from its ability to withstand the
maximum operating condition. The evaluation is done by comparing its tensile strength
with the maximum stress (hoop stress in this case) experienced by the pipe. The hoop
stress is calculated using the equation below.

Pr

Ohoop = 7

t

o _ O-hoop
axial
2

P = pgh
where:

P = Pressure
r =Radius or width
t =Thickness
There are two conditions in which the hoop stress is calculated: normal operation
and clog condition. In normal operation there is a free flow of mud inside the pipe, thus
mud column pressure is assumed to be zero. The only pressure experienced by the pipe

is due to the hydrostatic pressure of 5,323.968 psi.

The clog condition is a situation where hydrostatic pressure is disregarded and the
mud return line is clogged at the end of the discharge line. This assumption causes the

pipe to experience a full mud column pressure of 6,228.78 psi.
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The result of the calculation is presented in the table below.

Pressure

4.276 in. ID

4.5in. ID

Hydro Pressure

5323965

9323965

Full Mud Pressure

G225.7532

G225.7532

Pres=sure difference

204 51521

204 5152

Table 8: Pressure Result

- Hoop
Pipe ID
I Stresspsi
4 276 31443 TET Moarmal operstion
JETET 675 | WWhen mud return line is blocked

Table 9: Hoop Stress Result
The results show that the stress experienced by the pipe even at the worst
operating condition is still below the tensile strength of the pipe which is 140,000 psi.

Impeller Bypass System:

Pressure requirement to move particles of shale:
Data:

e Density of Shale: 2675 kg/mm3

e Max Shale block size = 5”x5”x5”

Calc:
Weight of block = Density x Volume = 5.47 kg
Considering that the pressure is acting on the minimum surface area of the block,
Pressure required = (5.47*9.81+u x 5.47*9.81) / (min surface area)
= (5.47*%9.81+0.2 x 5.47*9.81) / (0.127"2)
= 4000 N/m2
Considering a factor of safety 2
Pressure = 4000x2 = 8000 N/ m2
Bernoulli’s equation

hl=h2
pl-p2 = 8000 N/m2
V1=10m/s

p(V22 _V12)

Pp— P, = 2
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=V, =82.32m/s
Q = 7d,’xV, = zd,*xV,

d_ Ve
d, V3
% 286
d,

Flex-Lok Boltless Ball Joint and Adapter Calculation

As mentioned earlier, the size and design determination for the joint and adapter
are done by considering the maximum condition they could be exposed to. The location
in which this maximum operation condition can be seen is at the first joint location, 1,000
feet below sea water. At this depth, the ball joint and the adapter are exposed to the total
weight of the pipe, which is 234,000 Ib or 117 tons. In addition to the weight, these two
components are also being exposed to a hydrostatic pressure of 445.89 psi and a mud

column pressure of 6,228.78 psi.

2 N2
Vol = 7B =BT
4
m=Vol(p, - o)
W =mi
Gc

The result of the calculations are presented below

Density of pipe[lbin®3] 0305235214
Density of seallbfith3] 0.03699093
Effective Density[lbin®3] 0271247254

Table 10: Density

Volume[in*3] | Weight[lb] |Weight[tons]
Mud 2073061 317 | 8974252441 | 445714122
Pipe 759541 5003 234000 117
Total 2832603117

Table 11: Weight
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Based on the requirements just mentioned, the 24 in. Flex-Lok Ball Joint with
maximum safe pull of 130 tons is chosen.
An FE analysis on simplified adapter model is performed and provided on the

Appendix D. The results show that the will not fail under these extreme conditions.

Casing (Capsule)

As mentioned before, the inner diameter and the length of the casing are
determined by the space needed to contain both the pump and the motor with necessary
clearances. The height of the highest component, the motor, is approximated to be 12 ft.
The length of the pump and motor aligned is approximated to be 24 ft. With these
information known, the ID and total length needed for the casing are approximated to be

20 ft and 51.4 ft respectively. This equation provided below is used for evaluating the

2 R?
PR?[ 142
Ri[+RfJ
R; —R}
R :_V(PZ_O-Z)Rl

P-o

stress of a shell.

where

o = Tensile strength (140,000 psi)

P = Hydrostatic pressure (5,350.65psi)
R, = Inside radius (20 ft)

R, = Outside radius

Solving for R2, the thickness needed in order to avoid any failure due to high

hydrostatic pressure at 12,000 ft below sea surface is equated to be 0.7 in.

Bending Loads on the Lower Section of Pipe:

Permanent ocean currents due to differential heating and cooling and indirect
wind effects were considered for calculating the bending load on the bottom section of
the pipe supported from the ocean floor. The current velocities average 50 cm/s. However
in extreme cases in certain parts of the world velocities in the range of 250 cm/s have

been measured.
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Mass flow rate of water across the surface area of the tube = Area x Velocity.
Force =m'(u, —u,) = pq(u, —u,)

We then convert this force acting on the entire length to a UDL , w (N/mm)
Let L be the length of pipe supported from the bottom, and consider any section at a
distance z from the bottom

M, =%W(L—Z)2

o, =My/l
y =wL*/8ElI
Data:

L = length of pipe
Do = Outer diameter of pipe
Di = Inner diameter of pipe

m’= mass flow rate

Trial 1: The concept was to support 1000 feet length of the pipe from the bottom. The
calculations for the stress and deflection show that the due to very high slenderness ratio
the pipe will undergo excessive deflection. Hence a very small length of the pipe can be

actually supported from the base.
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ft m
L 1000.00 (304.80
Do(in) 6.00 0.15 m
Di(in) 4.25 0.11 m
m(.) 11612.88  [kg/s
force 850.54
UDL 0.0028 Kg/mm
E 200000.00 |N/mm2
I 19816142.29
Deflection 7451965.41 |mm
Stress 4889.74 N/mm2

Table 12: Bending Stress & Deflection Calculation

It was decided to limit the deflection to 20 mm.

ft m
L 40.00 (12.19
Do(in) 6.00 0.15 m
Di(in) 4.25 0.11 m
m(.) 464.52 kg/s
force 34.02
UDL 0.0028 Kg/mm
E 200000.00 |N/mm2
I 19816142.29
Deflection 19.08 mm
Stress 7.82 N/mm2

Table 13: Bending Stress & Deflection Calculation
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Thus 40 feet pipe can be supported from the bottom. This is the location where

the first ball joint can be located.
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Summary
Team MC2 has devoted a lot of time and energy over the course of the past

semester trying to complete this project to the requested specifications and the highest
standards of professional engineering. Initially the goal was to accurately and
comprehensively describe the need of the design using need analysis methodology. After
addressing the need based on customer requirements, Team MC2 began concept
development and created 3 original concepts. Upon using a quantitative down-selection
procedure to determine the concept which most effectively met the need, the
hydraulically driven impeller pump concept was selected and presented to the project
sponsor.

Unfortunately, some of the ideas which led that concept to down-selection were
proven infeasible upon further analysis, and a different concept was developed. The final
concept was that of an electrically powered multi-stage impeller pump. This
configuration efficiently delivers power to a powerful pump that is capable of providing
sufficient total head in order to pump all mud from the sea floor to the drilling platform, a
truly daunting task at over 2 miles below the surface of the ocean. This concept was
developed and presented to the project sponsor, and

Texas A&M University — {Team MC?} Page 44



Embodiment Design Report — {Dharmawijatno, Sonawane, Krueger} Fall 2005

Appendix A: Glossary

The following terms are taken from the need statement, and required further definition to

more clearly express the need.

Deep-Sea — This design will have to function in a marine environment with high
pressure, low temperature, sub-sea currents, ecological considerations, differing water
compositions, and must be mindful of local geology and geography.

Drilling Package — This is the system used to drill the hole through the ocean floor,
including the extra equipment needed or to be discarded to perform the need, such as a
power source, risers, valves, pumps, and/or new redesign of current equipment, such as
the BOP, etc.

Top Hole Dual Gradient (THDG) Technology — Dual Gradient drilling technology
involves drilling with a mud hydrostatic pressure gradient below the mud line, with a
seawater hydrostatic pressure gradient in the riser above the mud line. Currently, Dual
Gradient drilling technology is not able to be used in drilling operations for the first two
layers of casing, including the structural and conductor casing strings. If a system or
design can be developed for Top Hole Dual Gradient drilling, or using Dual Gradient
technology in drilling the first two casing strings, then drilling operations could be
performed more efficiently.

Petroleum Well bores — A sub-surface drilled hole concentrically encased in a series of
fabricated casings and filled cement that is subject to extreme pressures, temperatures,
and corrosive environments, for the extraction of petroleum.

Optimal Amount of Materials — Currently, in order to drill deeper holes, larger rigs and
equipment are needed to overcome the huge stresses and pressures involved. If THDG is
employed, some of the equipment may be able to be designed at a smaller scale, thus
saving money and material, and increasing the operable range of drilling operations.
Integration — It is reasonable to conclude that any THDG system will be best
implemented if it can be easily integrated to the fullest extent possible with existing

drilling packages and equipment.
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Appendix C: Detailed Calculations

Flow Equations

Re = 7745.8x Y LT/sIxBi[in]

v, [cst]
where:
V =velocity of mud
v, =Viscosity of mud

VIftls] = 0.40852><_Q2[gpm]
D/[in’]
or
V[mis] = 21.22><2Q[%/min]
D" [m]

f =%,for laminar flow

e

or
f = 2'25 7R for turbulent flow
(logy, (ﬁ“L R. 0.9 )?

Head — Power Equations

H,=Hp+H, -Hp -Hg
H, =Hp+Hgp +H —H,,

Where:

H,, = Total head already available in wellbore (13, 485.78ft)
H, = Static Head (vertical length of pipe = 12,030 ft)

H., = Head Pipe Friction Loss
H.. = Head Fitting Friction Loss
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Stress Equations

L[ ft]x (V[ ft/s])?
Di[in]x 29[ ft/s’]
f = friction factor

He[ft]=12x f x

g = earth gravitation=32.17 ft/s®

L =lenght of pipe

V =velocity of discharged fluid

D, =inside diameter of pipe

_ Kx V[ft/s]?

" @xglfus’])
while
K is a factor based on the type of fitting
Qlgpm]H, [ft]SG

39607

Power[hp] =

where:
n is the assumed pump efficiency (80%)

Pr
Ghoop = T

_ O-hoop
axial —

O

P = pgh
where:
P = Pressure
r =Radiusor width
t =Thickness
2
PRf (1+ 2122}
R22 - Rl2

R :_\/(PZ_O-Z)Rl

P-o

where

o = Tensile strength (140,000 psi)

P = Hydrostatic pressure (5,350.65psi)
R, = Inside radius (20 ft)

R, = Outside radius
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Appendix D: Drawings
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Introduction

The purpose of this project is to design a dual gradient drilling system consisting of a
direct path from the wellbore, through which mud will be extracted. This mud will then
be transferred to the drilling station where it will be stored. The sponsors are interested in
this concept for its benefits on the top hole portion, which is before the 20in diameter
surface pipe is set. The design will allow conductor and surface pipe to be set deeper than
is allowed in more conventional designs. Also, the intermediate casing can be set deeper,
creates a safer environment for the conductor and surface pipe to be laid. This design

will allow older, smaller drilling stations to drill in deeper water.

The key challenges of this project will be to align the major components of the design
with the major constraints that are presented by drilling in ultra-deepwater environments.
The functions stated in our function structure will be another guideline to follow by

recognizing the design parameters and constraints placed upon it.

The following sections cover the conceptual design process for this top hole dual gradient
design. This process begins with the evolution of the need statement and need analysis,
proceeds into development of alternative concepts, and finishes with an evaluation of the
concepts so that the best concept is chosen for further development during the

preliminary design phase.
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Need Statement

The evolution of the need statement began by first trying to recognize the primary
functions and the primary constraints. Each team member’s ideas and wording were
incorporated into the first need statement as follows:
“Design a dual gradient drilling system consisting of an isolated path on
the top portion of the hole that will provide means to separate mud from
the drill pipe and circulate that mud to and from the drilling vessel, place
casing string deeper into the wellbore, maintain operability in extreme
environmental conditions, and interface with existing drilling and

wellhead equipment.”

After further analysis of this preliminary need statement, it was decided that this
statement was too lengthy and did not capture the most important function and constraint
of the design’s need. Finally, the primary function was determined to be that the design
must be a dual gradient system, implemented on the top hole portion. Also, the need to
transfer mud between the seafloor and drilling vessel is prominent. Further, the primary
constraint is the requirement to interface with common drilling equipment that is

currently in use.

Therefore, the final need statement was decided as follows:
“Design a top hole dual gradient system that transfers mud from the
sea floor to drilling vessel and interfaces with existing drilling

subsystems.”

Texas A&M University — Top Hole Dual Gradient System Page 4



Concept Report — Guinn, Thomas, Wiseman Fall 2005

Function Structure

From the need statement, it is determined that there are three top level functions for this
design: provide a top hole dual gradient system, provide means to transfer the mud, and

provide means to interface with subsystems.

Need Statement: Design a top hole dual gradient system that
transfers mud from the sea floor to drilling vessel and interfaces
with existing drilling subsystems.
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Figure 1. Primary Function Structure
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1.0
Provide a Top Hole Dual Gradient System

1.1

FR: Provide a differential in pressure
from the surface to the subsea pump
DP: Handle kick, mud return,
minimize flow restriction and leakage
PC: Fluid flow rate (gps)

v

1.2

FR: Provide structural stability

DP: Withstand ocean current,
temperature, extreme pressure, weight
PC: depth=10K-12K ft, temp=33°F,
pressure=6000 psi, material selection

v

13

FR: Provide means for delivering
equipment to the sea floor

DP: Support total weight of all
equipment components

PC: Weight

v

Figure 2. Function Structure: Section 1.0
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2.0

Provide Means to Transfer the Mud

v

2.1

FR: Provide means to extract mud
from the wellbore

DP: Subsea and surface pumps, mud
flow rate

PC: 8.4-12.5 ppg mud return

v

2.2

FR: Provide means to eliminate
potentially obstructive particles
DP: Pipe diameter, mud weight
PC: 3-9in. diameter

v

2.3

FR: Provide means to return the mud
to the wellbore

DP: Subsea and surface pumps, mud
flow rate

PC: 8.4-12.5 ppg mud return

Figure 3.

Function Structure: Section 2.0
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3.0

Provide Means to Interface with Subsystems

3.1

FR: Provide a sealed pathway
DP: Internal Pressure ratings
PC: No significant leakage

3.2

FR: Withstand tensional loads

DP: With stand mud weight, its own
weight and any addition tension
brought about by connections to the
wellbore

PC: Pipes, coupling, and hardware
stress

3.3

FR: Tolerate environmental conditions
DP: Ocean currents and corrosion

PC: Pipe, coupling, and hardware
stress level, coatings

3.4

FR: Consider coupling requirements
DP: Dimension issues with fittings
PC: Allowable forces on the
connections

Figure 4. Function Structure: Section 3.0
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Design Specifications
The table below summarizes the design requirements for this project.
Table 1. Design Requirements
. Design Primary .
Function Parameter Constraint Equation Source
Handle kick, mud
return, minimize Fluid flow rate dm
1.1 flow restriction and (9ps) dt
leakage
Withstand ocean depth=10K-12K ft,
current, oo :
temp=33°F, Design Proposal
temperature, _ . .
1.2 pressure=6000 psi, Presentation
extreme pressure, . .
\ material selection
weight
Support total weight
13 of all equipment Weight Zml +..+m,
' components
Subsea and surface 8.4-12.5 ppg mud
pumps, mud flow Gupta, et. al.
2.1 return
rate
Pipe diameter, mud - Design Proposal
2.2 weight 3-9in. diameter Presentation
Subsea and surface dP=P,-F,
2.3 pumps, mud flow dm
rate dat
31 Internal Pressure No significant Design Proposal
' ratings leakage Presentation
With stand mud
weight, its own
weight and any Pipes, coupling, .
3.2 addition tension and hardware ZFl +..+F Design Proposal
Presentation
brought about by stress
connections to the
wellbore
Ocean currents and Pipe, coupling, and .
. hardware stress Gerstner Design Proposal
3.3 corrosion . )
level, coatings wave eq. Presentation
Dimension issues | Allowable forces
34 with fittings on the connections
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Overall System Description
The goal of this design is to create a dual gradient system for the top hole portion of the

overall drilling system. The overall advantage of using a dual gradient system is that the
casing string can be placed deeper into the wellbore, which allows fewer casings to be

used, which results in deeper drilling and wellbores of larger diameters. Using the figure
below, notice how subsea mudlift drilling (SMD) utilizes the mud hydrostatic pressure to

take advantage of the narrow margin between pore pressure and fracture pressure.

Figure 1. Dual Gradient Advantages with respect to Pressure Considerations

Notice that this figure shows casing depths on the left. As shown by the corresponding
horizontal lines, the conventional system (green) would need two casing strings to reach a
depth that is much less than the depth achieved by using two casing strings on the SMD

system (yellow).

Specifically, this design calls for the ability to pump heavy mud from the seafloor to the
drilling vessel. Further, the design must allow for a tubing system in which the mud will
be transported. Recognizing the importance of these design considerations, the design
team has chosen to focus on three areas for detailed design analysis: pump design, tubing
design, interface design, and overall system configuration. Discussion of these detailed

design areas follows in the next four subsections.
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Detailed Design Analysis 1: Pump Design
Multi-phase pumping is the leading pumping technology in the offshore drilling industry;

however, there is much debate over which type of multi-phase pump is best suited for the
needs and environment found in deepwater drilling. The conceptual design process
considered three popular pump designs: progressive cavity, helico-axial, and twin-screw
pumps. Evaluation and down-selection of these pump designs concluded that the
progressive cavity pump design was the best option for this system, mainly due to its
ability to pump highly viscous mud at a cheaper cost of installation and maintainability

than that of the helico-axial and twin-screw pump designs.

The purpose of the subsequent detailed design phase was to determine the volumetric
flow rate of the mud and the power requirements for the pumps. As shown in Appendix
D, the calculations began by using the linear momentum equation to find the difference
between the velocity of the mud leaving the pump at the seafloor and the velocity of the
mud exiting the tube at the drilling station. These calculations assumed incompressible
flow. Next, the graph below was created to determine the diameter of the pipe for which

the head loss would be constant.
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Figure 2. Pump Head Loss versus Pipe Diameter

Texas A&M University — Top Hole Dual Gradient System Page 11



Concept Report — Guinn, Thomas, Wiseman Fall 2005

The graph above converges when the diameter of the pipe is approximately 0.1m. A 30%
deviation is assumed, which results in a chosen pipe diameter of 0.08m (approximately

3in).

Next, the diameter is held at a constant 0.08m, while the volumetric flowrate is varied.

The graphs below plot hydraulic power (Hp) versus volumetric flowrate (Q), and head

loss versus volumetric flowrate, respectively.
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Figure 3. Hydraulic Power versus Volumetric Flowrate

This graph converges at a volumetric flowrate of approximately 0.05m%/s, which

correlates to a hydraulic power of approximately 1.9MW.
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Figure 4. Head Loss versus Volumetric Flowrate

This graph also converges at a volumetric flowrate of approximately 0.05m*/s, which
correlates to a head loss of 4.5x10°m.

In summary, it was determined that the pipe diameter should be approximately 0.08m,
volumetric flowrate of the mud is 0.05m*/s, hydraulic power is 1.9MW, and head loss is
4.5x10°m.

The next step is to select an actual pump model. Reexamination of the progressive cavity
design finds that there are no existing pump manufacturers that produce a big enough
progressive cavity pump to handle these power values. Therefore, an alternate pump
design was chosen: the Well Stimulation pump by Gardner Denver, shown in the figure

below.
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Figure 5. Gardner Denver HD 2000 CWS Well Stimulation Pump

This pump design is manufactured at specifications as high as 2,000HP (1.5MW). Thus,
the THDG system would require the use of two (2) Well Stimulation pumps.

(www.gardnerdenver.com).
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Detailed Design Analysis 2: Tubing Design

The design specifications for the mud return lines between the pumps and the drilling
vessel call for tubing that is flexible, reliable, and meets all load and pressure constraints.
This type of tubing must withstand ocean currents, motion from the drilling vessel, and
be able to be easily maintained over long periods of time. With respect to ocean currents,
the tubing will sway in all directions, causing stress at the joints where potential
separation could accrue. This potential problem can be overcome if a flexible long
section of tubing is used for the initial stretch between the drilling vessel and the mud

pumps.

Second, the tubing must be fed down and connected to the mud pumps, so that the system
can be used for lifting the mud to the drilling vessel. This process could become long and
problematic if reliable and easy-to-assemble tubing were not implemented. As a result,
the design requires a vast amount of tubing in order to reach the location of the mud
pump and wellbore. With this in mind, the load and pressure requirements to bring the

mud back to the surface become a major issue for the long stretch of pipe.

These design constraints were crucial in determining the three possible candidates for the
long stretch of tubing needed: coiled tubing, segmented pump hose, and telescope tubing.
As discussed in the Conceptual Design Report, coiled tubing was chosen as the best
design option, based primarily on its ease of installation, flexibility, and load carrying
capability. This design requires a tubing of 3in diameter, though coiled tubing can be

manufactured and purchased in a wide range of diameter sizes.

The purpose of this detailed design phase was to find the maximum allowable deflection
of the tubing (2 miles long) due to movement of the drilling vessel. As shown in
Appendix D, the maximum deflection of the tube is found to occur where the tubing and
the connection interface. It is assumed that the moment of inertia occurs along the length
of the pipe. When designing to a safety factor of 2, it is found that the shear force on the

pipe (V) is 8x10°N. Also, the horizontal deflection of the beam is calculated as
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approximately 3x10°m; thus, the drilling vessel can move horizontally from the neutral
position (exactly vertically above pump at seafloor) by almost 100,000ft (19 miles).
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Detailed Design Analysis 3: Interface Design
The next phase of detailed design analysis focused on developing a connection design for
the interface at which the tubing and pump meet at the seafloor, and where the tubing and

drilling vessel meet.

To eliminate any problems that may occur due to twisting of the tube, the design team
sought to use a connection that would somehow rotate simultaneously. Fortunately, we
discovered that such a design is already in production by Emco Wheaton, as shown in the

figure below.

Figure 6. Emco Wheaton D2000 World Series Swivel Joint (www.arm-tex.com)
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Figure 7. Emco Wheaton D2000 World Series Swivel Joint (Exploded View)

As shown in the figures above, this swivel joint design rotates on internal bearings so that
the effects of twisting are not felt by the mud return lines. The design requires that two
swivel joints be used: one swivel joint at the subsea connection between pumps and
tubing, and one swivel joint at the sea level connection between tubing and drilling

vessel.
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Detailed Design Analysis 4: Overall System Configuration

This design calls for a dual gradient mud lift system to remove mud and debris from the

wellbore during oil drilling. The mud and debris should be pumped from the wellbore up
to the drilling vessel at sea level. Given constraints to the process are water depth (which
causes cold temperatures), high pressures, and very strong water currents. Therefore, the

design should be sturdy, yet agile.

With these crucial parameters in mind, the preliminary concepts were presented in the
Conceptual Design Report: the Dual Pressure Model, the Sidesloper Model with Hybrid
Umbilical, and the Hybrid Riser Model. Evaluation and down-selection of the three
design concepts concluded that the Hybrid Riser Model was the best configuration for the
needs of this design, due mainly to its ability to interface with current drilling equipment
and its ease of installation and maintainability. During the detailed design phase, this

system was renamed the Submersible Mud Removal Unit (SMRU).

The detailed design analysis of the overall system configuration seeks to completely
develop the design and its many components. It is understood that the design should
include the following: pump(s) to remove mud and debris, piping to carry the material,

system controls, nozzle(s) to extract at the wellbore, connectors, and fittings.

To assist in the detailed design effort, Modern Design Thinking is needed. Modern
Design Thinking is a step by step advancement from qualitative to quantitative data
[Pahl, 1996]. Clarifying the task or objective of the design is necessary; in this case,
clarifying the rating process for the pre-existing design, and the requirements of the mud
removal unit as stipulated by concerns. Next, the mud removal unit design is broken
down to establish function structures, to detail the use of each component and their
purpose for the design. These steps better describe Group Technology, a systematic
categorization of the mud removal unit’s properties to better visualize the necessary steps

toward evaluation of its design parameters to conduct value analysis.
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The SMRU is to be comprised mostly of stainless steel to fight corrosion from excessive
saltwater exposure. The bolts are to be A304, Medium Carbon Steel Grade 8, with zinc
coating, which mate well with the stainless steel components and have a corrosion
protective coat. The gaskets, which are used on the adapters, are to be made of Pure
Copper. Pure copper gaskets are ductile for good part mating and air tightness and are
very corrosion retardant. This unit is designed for easy installation and removal of parts,
and maintenance.

The unit houses pumps and transforms the multiple pump assembly into a single
connection. Using the pictorial below, from left to right, front to back respectively, the
pumps are stored and transformed in the rear of the unit and converted towards the front

to the single connection that is attached to the tubing.

Figure 8. Submersible Mud Removal Unit

Initially with the Hybrid Riser Model, the pumps were to be run in series and stand alone,
with separate pipes down to the wellbore using a pipe in pipe bundle system, but this
design was clumsy and a more direct approach was taken. For this unit, the pumps are

run in parallel and one tube is used at the wellbore.

As earlier stated the Submersible Mud Removal Unit is easy to install. The figure below
depicts the unit with unattached adapters, without tubing and with the pumps intact in the

rear of the unit.
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.

Figure 9. SMRU Exploded Side View

Each component mates together through the housing (between the red bolts above) to
form an airtight, watertight seal. Below is step by step schematic of how the parts are

assembled.
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Figure 10. SMRU Assembly Steps

In STEP 1, the tube to the submersible adapter is ringed with the copper gasket, with
epoxy. For STEP 2, adapter with gasket are fitted into the tube wellbore flange and
STEP 3, the mated parts are bolted into the submersible mount. STEP 4, the pump to
mount adapter is threaded through the mount from behind and in STEP 5 pump to mount
flange is tightened on with the front bolts. In STEP 6, the pump to mount tube is
attached. STEP 7 entails connecting the tube to the submersible adapter. The tube is to

sleeve over the adapter as presented below.

Figure 11. SMRU Tube-Adapter Assembly
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STEP 8 requires that the tube be clamped to the Submersible adapter to form an airtight,
watertight seal. The figure below presents a one-sided pipe clamp. A two-sided pipe

clamp is required for assembly in this step and is presented later.

.

Figure 12. Pipe Clamp

The pipe clamps serve as adapter to tube clamps or adapter to adapter clamps, dependent
upon which works best in-service. The clamps are to be comprised mostly of Medium
Carbon Steel, Grade 8, with zinc coating like the bolts. From the picture above, the tube
or adapters are fitted through the clamp and bolted together using the bolt on the clamp.
As the bolt is tightened on the clamp, the diameter reduces around the mating parts until
they are fastened efficiently. This material selection is sturdy and the zinc coating will
ensure the parts resistance to corrosion. As the materials are between, the Submersible,
the bolts, and the clamps, it will be less susceptible to contact surface corrosion. The

clamp requirement is as follows:

= 1 single sided Clamp for Wellbore Nozzle to Tube Adapter
= 2 double sided Clamps for:
1) Tube Adapter to Tubing
2) Tube to Submersible Adapter
The number of clamps needed could change as the Submersible setup is augmented in-

service. The final set-up presents the clamps intact on the unit.

STEP 9 requires that the Tube Adapter and Wellbore Nozzle be assembled and attached
to the tubing. The figure below presents these two parts respectively.
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Figure 13. Tube Adapter (Left) and Wellbore Nozzle (Right)

Both parts are comprised of Medium Carbon Steel, Grade 8, with outer zinc coating to
fight corrosion and an inner stainless finish for tribological concerns. It is assumed that
an inner stainless finish will allow the mud to smoothly move through to the tube. The 2
piece set up was selected so that nozzles can be easily replaced with. Using the adapter
IS to account for varying tube diameters. The Wellbore Nozzle fits into the Tube
Adapter, with a waterproof silicone epoxy, using an O-ring is optional. It is questionable
whether a nozzle is useful for the mud extraction; this would require testing. Therefore,

using the nozzle is optional.

In STEP 10 the Wellbore Nozzle and Tube Adapter are clamped together using epoxy,
and in STEP 11 they are clamped to the tube. The tube sleeves over the tube adapter.
The assembly steps for STEP 9 through 11 are shown in the figures below.

( U

[ o

Figure 14. STEP 9—Wellbore Nozzle and Tube Adapter Assembly
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C 1= 1]

Figure 15. STEP 10—Wellbore Nozzle/Tube Adapter and Pipe Clamp Assembly

In STEP 11, the clamped Wellbore Nozzle and Tube Adapter assembly are clamped to
the tube. The tube sleeves over the tube adapter and clamped with a Double Sided Pipe
Clamp. The red section in the figure below is symbolic of the tubing.
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Figure 16. STEP 11—Wellbore Nozzle/Tube Adapter and Tube Assembly
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At this point the unit is almost ready to be put in-service mode. The fully intact
Submersible Mud Removal Unit is shown in the picture below. The Wellbore Nozzle is
lowered via the Seafloor to Wellbore Tube Spool down to an acceptable height above the
drill. The mud is removed by the pumps through the nozzle through the tube, through the
pumps and up the return line to the vessel. This simply explains the functionality of the
unit. The components addressed previously can be seen in the pictorial below (with the
exception of parts that are discussed later).

Figure 17. Full Assembly of SMRU with Drill Bit Interface

Also in need of some explanation is the Seafloor to Wellbore Tube Spool, shown below.

g
<$
Figure 18. Seafloor to Wellbore Tube Spool
This component is submerged along with the SMRU. It is to be attached as shown above.
Orientation of the attachment is dependent upon the sea floor terrain, and preference.
The main chassis is to be made also of Medium Carbon Steel, Grade 8 with zinc coating.

This spool contains the seafloor tubing and supplies it into the wellbore. It has been

Texas A&M University — Top Hole Dual Gradient System Page 25



Concept Report — Guinn, Thomas, Wiseman Fall 2005

recommended, that as augmentation to the design, the nozzle be held in position at the
top of hole, presented in the pictorial above, right at the seafloor to extract mud as it is

expelled from the drill.

The second component in need of official mention is the Seafloor to Platform Tube Spool
also composed of Medium Carbon Steel Grade 8 with zinc coating. This spool contains
the tubing for mud return to the vessel and can be attached either to the SMRU or to the

drilling vessel at sea level.

Figure 19. Seafloor to Platform Tube Spool

The third component in need of official mention is the Countersink (shown below), also
composed of Medium Carbon Steel Grade 8 with zinc coating. This component holds the
tube and nozzle in position above the drilling surface and acts as a stabilizer against

drilling vibrations and currents.
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Figure 20. Countersink

This device clamps around the tubing neatly and the bolt is fastened in the proper
position. If multiple countersinks are needed, they will simply clamp where need be,
along the tubing, to weight it down.

For exactness, extra views of the SMRU are presented in the Appendix.
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Summary

In closing, we have presented the Submersible Mud Removal Unit as an effective Top
Hole Dual Gradient System. We recommend that further research be conducted to

determine if this system can be applied in other deepwater drilling procedures.

Finally, we would like to thank our sponsors for giving us the opportunity to participate
in this design project and for allowing us to use the unparalleled resource of their many

years of experience.
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APPENDICES
Appendix A: List of Abbreviations
THDG: Top Hole Dual Gradient
SMD: Subsea Mudlift Drilling
PC: Progressive Cavity
HRM: Hybrid Riser Model
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Appendix D: Detailed Calculations
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Appendix E: Drawings
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