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ABSTRACT

Effect of Availability on Multi-Period Planning of
Subsea Oil and Gas Production Systems. (August)2008
Karla Ruiz Vasquez, B.S., Pedro Ruiz Gallo Uniugrdteru

Chair of Advisory Committee: Dr. M. Sam Mannan

Natural gas and petroleum are non-renewable andcescanergy sources.
Although, it is well known that hydrocarbon resexae depleting through the years, oll
and gas remain the principal source of energy upbich our society is strongly
dependent. Hence, optimization and accurate pignaf hydrocarbon production are
the main keys to making it safer, more efficienhd acheaper. One of the tools
commonly used to evaluate the optimization of a¥/groduction system is the process

simulation modeling.

A hydrocarbon production system typically consistst least one underground
reservoir where several wells have been drilled thie hydrocarbon-bearing rock to
form a fixed topology network. Wells are intercoatsel with manifolds to transport the
gas or oil to a storage or sale location. The m®aENMulation consists of calculating the
total hydrocarbon production for the given prodoctisystem. The pressure in the
wellbore is the main variable in determining theltocarbon production process. When
oil/gas is produced, the pressure decreases untluption cannot be sustained. If the
well is shut down, the pressure at the wellboregases because of the natural gas flow
coming from the reservoir. In addition, artificiét techniques, such as water injection,
gas lift and pump systems can be incorporatedth@csimulation program. The oil/gas
production has been also modeled as a multi-penpighization case to incorporate the
possibility of different demands, cost and ovetiatle behavior.



The current field optimization approaches take ¢onoant the availability in a
general way, adding to the planning a lot of uraiety. The proposed study includes a
suitable analysis of the likelihood of equipmenilui@, which will predict the
availability of the equipment in a certain periofitome to perform a more accurate

planning.

In this work, we have integrated the availabilityalysis to the model described
above. The availability of a system is analyzed Ndgnte Carlo simulation, which
involves the modeling of the probabilities of faguthe type of failure, the time to repair

associated with each failure, and time of occurdnc a field system.

The availability model performed reduces signifity the uncertainties on a
multi-period planning production of either oil cag predicting the probability of failure

and the downtime related to the hydrocarbon prada¢hrough its lifetime.

In this study, the unavailability of the equipmeméas quantified, reporting a
subsea equipment downtime of approximately 7%. Aesalt, new production planning
is accomplished in the effective work period, whigtl be beneficial in financial risk

decisions such as a government’s deliverabilitytremts.
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NOMENCLATURE

Drainage area, mft?, acres

Gas formation volume factor?L®, RB/Mscf
Initial gas formation volume factorIL®, RB/Mscf
Oil formation volume factor, ¥L.®, RB/STB

Initial oil formation volume factor, HL®, RB/STB
Water formation volume factor’IL%, RB/STB
Drainage shape factor, dimensionless

Rock pore volume compressibility, 1/Pa, 1/psi
Total system compressibility, 1/psi

Water compressibility, 1/Pa, 1/psi

Cumulative gas injection, | Mscf

Cumulative gas production® IMscf

Reservoir thickness, m, ft

Productivity index, fisec/Pa, STB/d/psi
Permeability, i, md

Ratio of gas cap OGIP to oil zone OOIP at resecanditions, dimensionless
Original oil in place (OOIP), 1, STB

Cumulative oil production,i.STB

Pressure, Pa, psi

Average reservoir pressure, Pa, psi



pi

Ps

Omax

re
Rs

Rsi

M'w

Swc

Initial reservoir pressure, Pa, psi

Pressure due to skin, Pa, psi

Flowing bottomhole pressure, Pa, psi
Production rate, Ysec, STB/d

Absolute open flow production, #sec, STB/d
Radial distance, m, ft

Drainage radius, m, ft

Solution-gas/oil ratio, L3, Mscf/STB

Initial solution gas/oil ratio, 1L.3 Mscf/STB
Well radius, m, ft

Skin effect, dimensionless

Connate water saturation, fraction of pore nau
Time, hr, sec

Cumulative water influx, 1. RB

Cumulative water injection,3.STB
Cumulative water production®STB

Euler’'s constant, dimensionless

Viscosity, Pa-sec, cp

Porosity, fraction
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CHAPTER |

INTRODUCTION

Petroleum Engineering is a well developed industry, where many areas of
engineering and related disciplines such as geophysics, petroleum geology, formation
evaluation, drilling, economics, reservoir simulation, well engineering, artificial lift

systems and facility engineering are conjugated.

Petroleum is essential for the world economic, since that this hydrocarbon is the
principal source of energy for many industrialized civilization. Oil is consumed around
the world in a range of 30 billions of barrels per day and approximately 24 percent is
utilized by United Statdd Thus, the optimization and accurate planning in the
hydrocarbon production is of paramount importance.

Process simulation is one of the areas that have been improved vertiginously in
the recent years. Nowadays, this tool is commonly used to predict the behavior of the
hydrocarbon flow in reservoir and well, optimizing the production of oil/gas in the
system by using certain programming. The most common optimization methodologies
available in the literature are: linear programming, which can be applied to system of
naturally flowing wells; and non-linear algorithms, which is a more complicated

approach but can be used to express the non-linearity of a field in gas-lifted systems.

The oil and gas production has been also modeled as a multi-period optimization
case to incorporate the possibility of different demands, cost and overall time behavior.
Ortiz-Gomez et al. (2002)proposed a Mixed Non Linear Programming (MINLP) to
model these planning decisions for an oilfield production.

This thesis follows the style of the SPE Journal



More recently, the works by Barragan-Hernandez.e2805)} have been used
to improve the predictability of the model. The hychrbon production is limited by the
oil and/or water displacement in porous media mdide reservoir, physical system
limitations such as pipe diameters and lengths, mra$sure gradient between the
wellbore pressure and surface pressure. Pressadiegt should include the extra
energy incorporated into the system to achieve yoioh such as gas lift, pumps, etc.

All these constraints equations are included toehtids pressure effects.

Although the simulation process is a known solutior the optimization of a
hydrocarbon field, the exploration and productidnod and gas are still a high risk
venture, in which are found a lot of uncertainiileseveral related areas. For instance,
geologic aspects of the reservoir simulation areettain with respect to structure,
reservoir seal and hydrocarbon charge derived ftemrimary properties: permeability,
porosity, natural pressure, depth, etc. Anothercowf uncertainty is related to the
economic aspects, such psobability of finding and producing economicallyable
reservoirsfuture oil price and operational cost, demand dfgéeum products, taxation,
political stability, environmental liabilities, amg other&®. The technological
uncertainty is other aspect that must be includedur analysis Parameters related to
the development and availability of the productgystem is the key piece to reduce

incertitude in a process.

A model that includes geological uncertainties inéservoir simulations was
enunciated by Zabalza et al. (2001Fdwards and Hewett (1994) formulated an
approach to measure the financial rfskis addition, a couple of works have been
conducted by Aseeri et al. (2004) to propose a infmteeconomical uncertainti&s’
Aziz et al. (2004) presented a good approach campigeological uncertainties as well

as risk of failure of the control devicdés



In this research, we are interested in developmdjadding an availability model
to take in account the failure risk in the optintiaa model of hydrocarbons production
systems. Some models have been analyzed by seygvebaches: Reliability block
diagrams, fault tree, Markov methods, flow networRstri nets and Monte Carlo next
event simulation (Rausand and HgyHn@004; Rausand and Vain1998). Thus a
restoration time will be generated from a speaiéipair time distribution. Then, Monte
Carlo simulation will be carried out by simulatitygpical lifetime scenarios for a system
on a computer and the availability could be remgbntedifferent periods regarding to the

hydrocarbon production forecasting.

This thesis consists of six chapters. Chaptesdudises the motivation, objectives
and methodology of this research. The Chapter fb¢sised on the Process Simulation
Modeling, which covers the reservoir modeling, wetideling, network system and also
analyzes a common production problem. ChapteriVikggus a brief description of the
subsea equipments that were included in the aw#yabnalysis, the boundaries and
subdivision in subunits and components will be uksed in this chapter. In the Chapter
IV, the availability analysis will be performed. @tprincipal concepts, the procedure,
assumptions and equations will be provided thratingh chapter. Chapter V recaps the
results of this research, through a case studytewBlnapter VI gives conclusions and
future works that can be done based on this relsearc

1.1 Objectives

The principal purpose of this project is to deyeém Availability Model, which
will be added into an Optimized Model of Oil andsFroduction System. The objective
is to create a realistic model to evaluate theaoidl gas production availability under
realistic operation and maintenance conditionss Tdpproach is going to reduce the
uncertainties related to the subsea equipment wifahore production field, which will
be helpful to take important financial risk deciso



1.2 Motivation

It is well known that the world has experiencedirmrement in its hydrocarbon
consumption and at the same time the hydrocarbserves becoming smaller through
the years. As a consequence, the hydrocarbonssgraes been continuously increased
in an accelerated pace. However, oil is still thegypal source of energy around the

world.

A feasible proof of this phenomenon is showedhmRigure 1.1, which shown
the trend in the oil price through the last twepears. We can observe that in the last
four years the petroleum prices are increased fgignily, and according to expert
opinion this tendency is going to remain as it ecduse of the fast increment in
hydrocarbon consumption in developing economiesusThhe optimization in the
production is a fundamental issue.

Qil Prices, 1994-March 2008
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120 -

100

— S

[#2]
o
=

=
T
‘E:

60

Dollars per Barrel

40

{
20 2™ s MW‘MW A Al

] L N W
m]’"’\r"\\% J

0
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

SOURCE: http:/foctans nmt edu/gotech/Market place/ rices.azpx

Figure 1.1  Oil prices*



Another problem that hydrocarbon industry facethes penalties for breach of
supply contract. It is usual that oil companiesisagcontract to deliver certain amount of
hydrocarbons to their client list in a stated perad time. If the companies fail to meet
the supply contract due to a wrong production fasécthey have to pay huge penalties.
For this reason, the accurate prediction of thedgatbon production is the main key to
avoid this kind of situations. As an example, “Veaela, which is the fifth-largest oil
exporter, did a not accurate production predictemmg now it is buying oil from Russia
to avoid defaulting on deliveries to clients. Venela could incur penalties if it fails to

meet its supply contracts”

1.3  Methodology

This work is divided into two main parts: the prssesimulation modeling and

the availability analysis.

The process simulation modeling is one of the cominols used to evaluate the
optimization of oil/gas production system. In thiork the process optimization
modeling is basically divided into tree sectiortg teservoir modeling, well modeling
and the network system modeling, which are goingrable to perform a production

forecast.

The availability model was achieved by Montecarimwgation methodology.
This approach is included into the previous procgssulation modeling in order to
reduce uncertainty on the planning of hydrocarb@s.a result, a new production
prediction in an effective work period is developé&tie Figure 1.2 schematizes the

methodology employ in this work.
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CHAPTER Il

PROCESS SIMULATION MODELING

The petroleum engineering is a multidisciplinangcgline where a group of
geologists and engineers are grouped in order tginmee economic recovery of

hydrocarbons, ensuring that the reservoir is d@ezldo its best potential.

Petroleum engineering comprises a complex systhithwnvolves three distinct
but intimately connected systems: the reservoe,well and the surfaces devices. The
reservoir is a porous medium with particular rooki low characteristics; the well deal
with drilling techniques and inflow performance;datihe surface structures include: the

surface gathering, separation and storage fasffitie

One of the tools that petroleum engineers have lbsed and improved in the
past years is the process simulation modeling fgdrdtarbon system, which uses
computer models to predict the behavior of the fldviaydrocarbons through the porous

media, well and surface equipment.

In this chapter, the basis related to the threecgral models for a hydrocarbon
system will be described. The software employegpddorm the modeling task was
provided by Petroleum Experts and the Integratedifation Modeling (IPM) includes:
the reservoir model (MBALL), production modelingRBSPER) and the gathering and

surface device modeling (GAP).

The target of this chapter is to have the basignitimns for developing a
hydrocarbon process simulation and to understaat ttie success of the petroleum
engineering lies in the suitable combination of kinewledge in the three major areas:

reservoir engineering, production engineering amthse equipment technology.



2.1 Reservoir Modeling

Reservoirs are complex geological formations whiehy contain different rock
type, stratigraphic interfaces, faults, barrierd #8oid fronts, storing oil, gas and water.
These reservoir conditions may influence the pressw@ansient behavior affecting the
reservoir performance. For the reservoir desampiurpose, well testing, well log,
seismic analysis, PVT and rock properties, wiltlhe key elements to the forecasting of
reservoir performance. In addition, reservoir chaazation is essential to achieve the

production planning of petroleum systéfns

Nowadays, the simulation is a common procedureha reservoir analysis;
predicting the behavior of the flow of hydrocarbotisough the porous media by
computer models. The most common models are tlssicid material balance equation
and the simulation, which uses the principal sinarlanodels: black oil, compositional

and thermal.

The material balance equation is zero dimensianabel (0-D) which is
considered as a homogeneous tank that does nater@qgeological model to be applied
in the classical manner. The simulations can be 2-D or 3-D; these consider the flow
effects, mass balance and heterogeneous modelsndteeial balance is suggested as a

necessary step prior to perform a simulation sttty

In this work, the reservoir model is performeddwnftware called MBALL from
Petroleum Experts Packet. This software allowsousrmulate the reservoir dynamics by

analytic tools, such as Material Balance EquatMBI).

MBALL required some parameters, such as oil in @léd), water influx (We)
and PVT data, as an input to the simulation proc&sen, a history matching is
performed to find the value of N and We that begtreduce the relationship between



reservoir pressure and cumulative producflofihe process is repeated if the match is
not obtained, taking new model assumptions ungéildata matches. A brief description

of the MBE will be explained through this section.
2.1.1 Material Balance Equation

The material balance equation is based on theiplenof conservation of the
mass of oil, gas and water in the reservoir. Thjisagion is principally used to quantify
the oil in place and gas cap size, determine the &nd size of an aquifer, find out the
water influx and predict the reservoir behaviomedl as the reservoir pressure profite
The simplest form to express the material balangession on volumetric basis was
stated in 1936 bgchilthuisand can be summarizs®°

Mass of fluids originally = Fluids produced +emRaining fluids (2.1)
in place in place

In MBAL, the material balance program works by gsa“conceptual model of
the reservoir to predict the reservoir behaviorebasn the effects of reservoir fluids
production and gas to water injectidoh”The material balance calculations are based on
a tank model as representedrigure 2.1. The following assumptions apply throughout
the reservoir: homogeneous pore volume, gas capaguiers, constant temperature,
uniform pressure distribution, uniform hydrocarksaturation distribution, gas injection

in the gas cap.
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~ Water Injection

” Aquifer Production

~ Main Production

~ Gas Injection

Gas Cap Production
] ] |
L i
il
0 - GasCap
L |

I Gas Cap Expansion
RSN [ VRN I ISR i - __.___._.._._l I

Reservoir

" Aquifer Influx

Aquifer

Figure 2.1  Material balance tool - tank model assumption

The material balance tools that this program wsesdivided into three main

sections: input data, history matching and productirediction.

In the input section the reservoir parameters, tymes of aquifers, rock
properties and relative permeability curves aretiporated. Also it is recommendable
entering transmissibility parameters and pore ve@udmaction versus depth, if this kind

of information is available.
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The history matching is calculated by graphicalhmnods, such as, Havlena-Odeh,
Campbell and Cole. These graphical methods arenpeed by suitable manipulation of
the MBE into straight line equation when some epdtation may be possibfe?**2 The
Equation 2.2 shows the Havlena and Odeh MBE.

F=N*E+We Rvol (2.2)

The original oil in place is N stock tank barratsed Eis the per unit expansion of
oil and its dissolved gas, connate water, poremel@ompaction and the gas cap. The
value of F is the fluid production measurements, (@ater and gas) corrected to the

reservoir conditions.

F = Np* (Bo- Bg* R9) + Bg* (Gp-Gi) + (Wp-Wi) * Bw Rvol (2.3)

Where: Np is the cumulative oil production, Bg negents the gas formation
volume factor, which is the “gas volume at resereonditions divided by gas volume at
standard conditiond® Bo is the oil formation volume factor, which syafizes “the
ratio of the volume of oil saturated with the gaseservoir temperature and pressure
and the volume reduced to stock tank oil conditiGhsand Bw is water formation
volume factor, which represents the “water and alNesl gas volume at reservoir
conditions divided by water volume at standard émus™% Gi and Gp are the
cumulative gas injection and cumulative dry gasdpobion respectively, Rs is the
instantaneous producing gas-oil ratio. Finally, Mfiresent cumulative water injection

and Wp cumulative water produced.

The expansion of oil and its initially dissolvedsy expansion of the gas cap,
hydrocarbon filled pore volume and expansion ofnade water are represented by E in

equation 2.4.
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. .( Bg _( Swe Cw+Cf _ Rvol

E = (Bo-Bo) +(Rsi- R3* Bg+n* Boi*| —= —1|+ (@1+m) * Boi*| ———— " |*(pi—P
( )+( $*Bg (Bgi J @+m ( T-Swe ](p ) SO
(2.4)

Where Boi, Rsi, Bgi and Pi are: the single-phasefarmation factor, the
instantaneous producing gas-oil ratio, gas formmatrolume factor and the reservoir
pressure at initial conditions. Swe is water sdtomna Cf is the formation compressibility

and Cw defines the water compressibility.

By suitable manipulation and using PVT (Pressuodifhe-Temperature) and
production data, the MBE can be plotted as a dttdige when the assumptions of the
plotting method are valid. For instance, for a gddfN = 0. For an undersaturated
reservoir when no gas cap is presented, m = Ohdncase where there is not water
influx, We = 0,and the value of oil in place (N) is relatively gds determine as is
shown in Equation 2’823

Stvol (2.5)

m|m
I
z

The equation for undersaturated reservoir bel@abtiboble point with no gas cap
but with water influx may be best plotted as:

F_yi\We Stvol (2.6)
E

This plot is a good diagnostic for identificatiohthe reservoir drive mechanism.
If the plot of F/E vs. We/lyield a straight line at 45 grades, then, the mfiobodel (We)
has been determined correctlyglire 2.2 represents the plot of F/E vs. We/E, which
yields a straight line with unit slope and a y-axigrcept equal to the oil-in-place N.
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Incorrect We
too small

Correct We

Incorrect We
too large

Y

W,/E,

Figure 2.2  The Havlena and Odeh analysis for water influxdiorundersaturated

reservoir, with an error in the water inffix

Production prediction is used to forecast the ri@se performance. Predictions
can be made using well performances (IPR, VLP) ratative permeabilities to predict
the amount of associated phase productions andatediuture reservoir behavior based
on different production strategies. A productiostbry is recommend, but not necessary

to run a production prediction.

The model for production forecast assumes thewviatig:
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= All the producers are connected to the same pramuntanifold.

= All the water injectors are connected to the sarageminjection manifold.

= All the gas injectors are connected to the samengastion manifold.

= All the aquifer producers are connected to the saquéer production manifold.
= All the gas cap producers are connected to the g@seap production manifold.

= The pressure of the five manifolds can be set iadéently”.
2.2 Well Modeling

Production engineering is part of petroleum engiimg which has principal
objective maximize the production in a cost-effeetimannef. The well is the
connection between the reservoir and the surfaocgeent. gathering, separation and
storage facilities. So, well modeling involves alsservoir model and the surface

network system.

The typical route to produce hydrocarbons is ftbmdepths of the reservoir, via
wellbore, where a series of perforations allow ty&rocarbon to flow through the
tubing to the wellhead. In the wellhead a complexaives, called Christmas tree that is
located to regulate and control the production. preeluced hydrocarbons follow their
way along a flowline to topside facilities, whereveral stages of separation and
processing may occur. Finally, the separated hyatbmn phases go to their respective
terminals or sale poifts The Figure 2.3 represents the scheme of produced

hydrocarbon route described above.
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Surface facilities to Gas
separate phases

Christmas Tree Pipeline flowing
\ multiple phases

\

Well producing multiple
phases through tubing

4— Drilling casing

01l

—» Water

Reservoir containing
layers of"

Figure 2.3  Produced hydrocarbon route from the reservoir ttasas facilitie&®

The Inflow Performance Relationship (IPR) and \aitLift Performance (VLP)
are the main parameters upon which the well modefias to deal, describing the
reservoir variables that control the productiore rahder different conditions. Porosity
(d), net thickness (h), and permeability (k) are thest common and useful rock
properties data employed. Darcy Law is a simpleresgon used to understand the
process of flow from the reservoir and into thelwBlarcy’'s equation is expressed in
radial coordinates &5

_K*A,dp
u dr (2.7)

Where A is the radial area at a distance r andvisngby A=2trh, k is the permeability

of the reservoir and is the viscosity of the fluid.
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2.2.1 Transient Flow (Undersaturated Oil)

The pressure profile in an infinite-acting is désed by the diffusivity
equation, which assumes slightly compressible aodstant viscosity fluid. The

diffusivity equation in its classic form can be exgsed as:

@+E% :%@

2.8
or? ror k ot (2.8)

Introducing the variables in oilfield units andimgp some assumptions we can
generate the expression know as the pressure dnawdquation. This equation (2.9)
describes the declining flowing bottomhole pressgmg), with the well flowing at a

constant rate.

o = pi_1626*q*Bo*u*
W K*h

(Iogt +log - 323} (2.9)

¢* u* Ct * rvi
The above equation can be adjusted for typicall wehditions, where the
producing well is usually flowing for long times twithe same wellhead pressure and
the result bottom pressure is also consfafihe new equation with the appropriate inner
boundary conditions is an approximation of the wiinadl solution of equation 2.8 which

yields to the equation 2.10; where the time isespnted by t and q is the flow rdte

k*h* (pi—p,)
= *| logt+1lo
L 1626* Bo*u g g

_ 323J (2.10)

grurGrr,

2.2.2 Steady State Well Performance

From Darcy’s Law, the area of flow at any distancegiven by 2Zrh. Then,

Darcy equation becomes:
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_ 2mkrh , dp (2.11)
u dr

The steady state condition implies that the outemidary (re) exhibits constant-
pressure (pe). From the above equation, we camasthat q is constant; rearrangement
the equation by separation of variables and integraand also including the concept of
the skin effect that Van Everdingen and Hurst @@éat 1949. We can get the following

equation in oilfield unit¥"

pe p = 14127 a*Boru, (| re
" k*h r

w

(2.12)
The effective wellbore radius is denoted hynd s is the skin factor.
2.2.3 Pseudo-Steady-State Flow

For pseudo-steady-state condition, the outer bamyndoes not have constant

pressure; however, this pressure declines at damnste time, which is represented as:

dd—Fie = constant (213)

Then, we can derive the pressure (p) from theatatiffusivity equation; at any

radius (r) in the reservoir. This expression wasest by Dake (1978) as follow:

p:pwf+

1412* g* Bo* u r r?
a * (In— j (2.14)

K*h r, 2re
However, a more useful expression for pseudo-gtetate can be obtained from

the average pressure reservoir (P) that was giyetid pressure buildup test. After a
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series of assumption, manipulations and introdutivegskin effect, the above equation

leads to the inflow relationship for a no-flow balamy oil reservoir:

P = Pus (2.15)

_1412*q* Bo*u 0.472* re
= *1In +S
k*h r

This equation is particularly useful because davites the relationship between
the average reservoir pressure (P) and the floevgafThe drainage area, the fluid and
rock properties can determine the average pressfutiee reservoir. Material balance
calculations permit combination of depletion medkiamand inflow relationships to
predict the well performance and cumulative proidmét,

2.2.4 Wells Draining Irregular Patterns

The wells rarely have regular shape drainage afdss drainage areas change
after production commences, either because of teeepce of natural boundaries or
because of lopsided production rates in adjoinirgglsy In 1965, Dietz developed a
series of shape factors to take into account iteggirainage shapes or asymmetrical
positioning of a well within its drainage aré&*

The equation including the irregular drainage ®lsapr asymmetrical position of

a well can be generalized for any shape as theviolg equation:

n————+
2 y*Co*r,"2

_1412*q*Bo*u, (1, 4% A (2.16)
Puw = K*h S

Where the Euler's constant is denotedybysome common Dietz shape factors

(Ca) and well positions are expressed in figure 2.4.
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2.2.5 Inflow Performance Relationship (IPR)

The well deliverability equation is related the well production rate and the
driving forces in the reservoir. The differencevibetn the flowing bottomhole pressure
(pwf) and the static pressure of the well) (15 called drawdown, which is represented
symbolically as:

Drawdown = p— pus (2.17)

The production index (PI) is the ratio of the prothg rate of a well to its
drawdown at a particular rate, denote by J

3=—4 (2.18)
ps - pwf

The equations 2.10, 2.12 and 2.16 can be usettdosient, steady state and

pseudo steady state IPR curves.

One of the principal parameters to be modeledchea well simulation is IPR,
which is performed using software called ProspemfiPetroleum Experts. Prosper have
more than twenty options for inflow models that akailable for the well simulation.
Given below are some of the principal inflow mod#iat Prosper provide, which are
going to be described briefly.

2.2.5.1Vogel
An empirical expression was developed by VogelfierIPR of a well producing

from a depletion drive reservoir. Vogel equatioplags when the average reservoir (P)

pressure is less than the bubble point (Pb). That&m can be stated’as®

2
p p 2.19
9 _1- o_z?“”—o_g(_“”} (2.19)

g max P
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Prosper program uses the straight-line inflowtreteship above the bubble point
and the Vogel empirical solution below the bubbténp After the IPR calculations are
performed, this IPR and the bubble point pressueeuged to evaluate the Petroleum
Index (PI) for the straight-line part of the inflabove the bubble poffit

2.2.5.2Composite

The composite model is the modification of Yegel that accounts water cut.
This model is known as Petrobras Method. In the élagethod the inflow decreases
below the bubble point because of gas formatiorwéi@r, if the water cut is very high,
the inflow potential will increase, approachingteaght line IPR due to single-phase
flow. The program requires to be entered: a tesw ftate (Fo), flowing bottom hole

pressure (g) and water cut ). The composite model uses the following formuaialt:

3= q

- 2
FO{P - Pb+3’[1— 02 P _ o.a(p“”j J} +1,{P - e} (2.20)
18 P P

2.2.5.3Darcy

The Darcy IPR is the classic radial flow equatjmoductivity index. In this
software (Prosper), Darcy IPR is used in termsraindge area and Dietz shape factor.
The program uses the Darcy inflow equation abowe kihbble point and the Vogel
solution below the bubble point. The Darcy IPR seful for estimating productivity

from petrophysical data and evaluating completiptioms.

0 = 4rkhlp - p,, ) 2.21)

u Bolln( 4A2J+s]
YAl
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Some data is required to perform the model arsdlisted following:

= Reservoir permeability (total permeability at theyailing water cut and GOR)
= Reservoir thickness (thickness of producing resereck)

= Drainage area (usually > 500 acres)

= Well bore radius

= Dietz shape factor (to account for the shape ofitagage area)

= Skin

The skin factor can be assumed or calculated byetspsuch as Locke, McLeod
and Karakas & Tarig. The last one (Karakas & Tagiyes good results in many field
applications, but required more input déta

2.2.5.4 Fetkovich

In the Fetkovich model, the Darcy equation is rfiedito allow two phase flow

below the bubble point. The Fetkovich equation lbaexpressed as:

G=3'(PZ -Pg)’ 222

The assumption made is that J' will decrease op@rtion to the decrease in
average reservoir pressure. Thus the static pessis, which is lower than the initial
formation pressure (Pi). The program use the saat® idput that in Darcy equation,

plus the relative permeability of oil.

Other methodologies to calculate the inflow perfance relationship, such as
multi-rate Fetkovich, Jones, multi-rate Jones aaddient are also included in Prosper
software. A list of all the methods to calculateRIRnd the cases where these are

applicable are listed in thEable 2.1.
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Table2.1  IPR Methods®

PR Method water | wer Ga | Condonsat
Back Pressure X X
Candn X X
Composite X
Darcy X
Dual Porosity X X X
External Entry X X X
Fetkovich X
Forcheimer X X
Horizontl well - Bounded reservoir X X X
Horizontal well - Constant Pressure upper bourjdary
Horizontal well - dP friction X X X
Horizontal well - transverse vertical fractures X X X
Hydraulically fractured X X X
Jones X X X
Multi-lateral X X X
Multi-layer X X X
Multi-layer - dP Loss X X X
Multi-rate C and n X X
Multi-rate Fetkovich X
Multi-rate Jones X X X
Modified Isochronal IPR X X
Petroleum Experts X X
P.l. Entry X
Skin Aide X X X
Thermally Induced Fracture (Injection Only) X
Transient
Vogel




24

2.3  Network System (Surface Facilities)

This section is focused on the transport of fluidni the wellhead to surface
facility. The surface facilities usually comprisga or three phase separators in an oil
production system. If we are producing gas, théaserfacility can be a gas plant or a
compressor statigh

Flowlines from individual wells are interconnectédrough a manifold for
commingling of fluids from several wells in a siagdipeline. The hydrocarbon is finally
transported to a storage or sale location. In eahore facility, the wells are spread and
the gathering lines usually are several kilometergyth. In an offshore facility, the
processing facilities are often situated adjacernhé wellheads at the manifold. For this

reason, the gathering lines used are quite short.

Sizing of oil and gas pipelines and processingdlifi@s is generally complex
because the fluid rates and composition vary wigspect of time. In general,
hydrocarbon (oil and gas) production will be deseghover time and water rates will
increase through the life of the field. Therefotiee initial facility design must be

flexible enough to handle a very broad range ofipation rates and compositions.

To perform the network system modeling, we emplogeftware called GAP,
which is used to connect the reservoir and well efind with the surfaces facilities.
Furthermore, GAP is going to perform the optimiaatof the system by using a non-
linear algorithm, which is the Sequential Quadr&rogramming (SQP) for naturally

flowing, gas lifted and injection wells.

GAP is capable of handling a variety of wells ire tsame network, such as
naturally flowing oil wells, gas-lifted wells, ESBperated wells, condensate or gas

producers, water producers, water or gas injecscs,
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The optimization of oil production system is cadiout by simultaneously
adjusting well chokes, gas lift gas injection rateSP frequencies and pump/compressor

speed as applicable.

There are two objective function chosen, includittge maximization of
hydrocarbon produced and maximization of revenegel constraints can be given in
different levels of the network. However, we analyhat the principal disjunctions and
constrains are related to the system pressurdielméxt section a common production

problem will be described and its disjunctions \w#f stated.
24 Principal Production Constraints

The production system consists of a given numlbeesgervoirs where several
wells have been drilled and are ready to producanifdlds allow interconnectivity of
the wells to surface facilities and the producdfas is sent to common sale and storage
points. Once the process is defined, the nextistép optimization, where the objective

function and constraints will be defined.

In the oil/gas production, the objective functisrmaximizing the production (q)
during a stated period of time (T). The objectivadtion can be representedas

Max> >'q,, T
w t

The principal constraints of the problem includees tpressure decrease in
wellbores and the resistance to flow from this painthe surface, because of the pipe
characteristics and pressure at interconnectivito@sts. The principal drop pressures are
included in the modeling and are represented by:

ol el )
dL total dL elev dL friccion dL acel.
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Gas and oil production requires that wellbore gues not to decrease below a
minimum value. Thus, the pressure in the wellberthé main variable to determine and
control in the optimization process. When hydrooarls produced the pressure in the
reservoir decreases until the production cannotstigtained. Then, the production
decreases until the wells stops producing. If tledl /8 shut down, then the pressure at
the wellbore increases because of the natural #oming from the reservoir. Vazquez
Roman et al analyzed the behavior of the well presshrough a MINLP (Mixed
Integral Non-Linear Programation). The next scheemesents the disjunctions for a

well on the producing and shutdown states, witfcltiding the availability concepts

Disjunctions for well in Production and Shutdown

Production Shutdown
Y, ] Y. ] Y, ]
Pux = P — Pux = p‘th L Pur =
Pux = D 2 pLSW pwt L S P pLCt e > P
D, = D (G ton) =00 =00
l,, =00 O IW =1, (th) O IW =1, (th)
Pa" = P (Pu, @)
q,. > 00 q =00 q =00
tg,wt =t3, +T thw = 00 tl,. =00
i npwt =0 ] _tanWt = tr?vat T_ _tanvvt = tr?Pwt T_

This model represents the pressure flow behawidhe wells when those are in
production or shutdown states. The period of prada@lanning is fixed in T and wells
produce the maximum amount of hydrocarbon at eawnk period. This Disjunctive

Generalized Program (DGP) uses Boolean variabl@sdioate a particular situation for
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each well. The following paragraph explains thee¢hmain situations proposed for the

formulation of the pressure flow behavior in wells.

The first situation indicates that the welis producing in a periot] represented

by the Boolean variabld,,; After some period t(:)wt) of production @) the initial

pressure in the Wellpé;’}t) decreasel,;) until reach the minimum allowable production

low

pressure p,,"). In the second cas¥, indicates that welv is not producing, then the
pressure in the well increase during the shutdame {,). The final pressuref§),) at

periodt, does not exceed the maximum allowable press@@)( The last case, the
Boolean variable is given by, which states that if the wedl is not producing but the

calculated p,, would exceed the maximum allowable value. The mmtgwt and

f
tnpwt

represent the periods in which the well is promuctor shutdown respectively.
Both t;wt and t,Ipwt must reset to zero when the opposite operatiaraiged out and

they depend on the corresponding time at the begjrof the period (7, andt; ;) and

the time size period T. In the second and thirce dasexperimented a recovery of the
pressure in the reservoil,§. According to real operation conditions, the lease is

almost impossible to reach, since the recoveryre$gure never exceeds the reservoir
pressure ,"). However for calculation purposes, this disjumtihas to be

establishet?.
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CHAPTER Il

SUBSEA TECHNOLOGY - DESCRIPTION OF PRINCIPAL
EQUIPMENT

It is well known that the world has experiencedirarement in its hydrocarbon
consumption and at the same time the onshore hgrdroo reserves becoming smaller
through the years. As a result of the current gnaggds, the oil and gas industry had to
push the frontiers of discovery, moving from thaditional hydrocarbons onshore

techniques to offshore exploration and productemhnologies.

The offshore production started in 1897, whenfitts¢ offshore well was drilled,
300 feet out into the ocean in the end of a whatfthat time, offshore drilling was
limited to areas where the water was less thanf880in depth. Through the years,
offshore technology has been advancing in a fastee, reaching depths as much as two
miles and producing almost 25 percent of the oil @s production in U.S?A
However, as the water depth level increases, tBts@nd the risk associated with the

subsea equipment go up.

In this thesis, we are focus on the subsea equitsnbecause of the high risk
involved on offshore facilities, and also due te tlack of information about the
availability of petroleum equipment data in onshfa@lities. During the searching data
process, several databases and papers were reviéveseever, the most suitable
information was found in the Offshore Reliabilityafa book (OREDA), which contents
crucial information for the availability analysigfformed, such as, probability of failure
and time to repair. OREDA compiles offshore equipt#ata from several petroleum
companies through 20 years. A brief descriptiorth&f principal equipment that was
included into the availability analysis, the bounés and subdivision in subunits and

components will be discussed in this chapter.
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3.1  Control System

In the last years, the application of subsea systemthe production of oil and
gas from subsea wellheads have been increased iaceglerated pace. A subsea
production system includes several components, sg¢hk-mas tree, wellhead, riser,
flowlines, manifolds, structures, etc. In many amstes, a certain number of wellheads
have to be controlled from a single location. Fos reason, a subsea control system is
crucial part of a subsea production system to ensueliable and safe operation.

A subsea control system has to provide satisfactgrerational and safety
characteristics. The control system regulates chakd control valves on subsea
completions, templates, manifolds and pipelinesweall as provide means for a safe
shutdown on failures of the equipment or anoth&tgdeatures that prevent dangerous
situations. The levels of redundancy throughout shgtem will ensure a satisfactory
time response that may have a dramatic effect drabigy and safety of
environmentally critical operatiofis

According to offshore reliability data, the subseantrol system comprise:
surface installed master control station, hydraald electric power units, static and
dynamic umbilicals, chemical injection unit, subseatrol and distribution modules and

the control equipment installed on the tree ortémeplate.

The control system manages daily production omeratby a topside located
computer. A control umbilical is the connectionveeén the topside and subsea parts of
the system. The principal unit is the subsea contialule, which comprises electronic
pieces and hydraulic instrumentation for efficieqeration of subsea and downhole
valves and also, provides interfaces for the comcation with the topside for
production process monitoring and optimization.ypi¢al production control system is

shown inFigure 3.1.



Emergency

Shu{‘dmm Plattarm
Signal Netwaork Xmas Tree

Hydraufic

Powar Unit

Uninteruptible

1
Step-out rl
Atematives -

Subsea ¥
Control i -
Unit (SCU} " / il -~

Subsea Power
and

Communication
Unit {SPCU)

Chemical

Infection Subsea

Unit (CIL) Cantral
Hydraulic/Chamical Junction

Modulo (SCM)
Box or Tast Panel

ElectricaliOpbeal
dunction
Box

Subsea Routar Module

# Wydraule!
Urnbilical e
Dynamic rﬁmmﬁ;ﬁ:ﬁmw Jumper
‘ UTA)
Umibilical Static
Umbilical

Waeak Link/
Splicing KivTransition
aint

Extended Flying Lead

Figure 3.1  Scheme of control production systéf

0€



31

The interface between the control system anduitoandings (boundary) stated
by OREDA database is shown iRigure 3.2. This boundary applies to subsea
production/injection control systems, which contboth single satellite wells and more
complex subsea production facilities such as muiti- manifold template systeriis

The subdivision in subunits and components is showmable 3.1.

Master Control Electrical/ Hydraulic Chemical
Station Power Unit Power Unit Injection Unit
Topside — —
Subsea
Static Dynamic
Umbilical Umbilical

Subsea Distribution

Subsea Control
Module(s)

Lines To Subsea Valve Actuators

Sensors

Figure 3.2 Control system boundaty



Table 3.1

Control Systems, Subdivision into Suburstand Components®

CONTROL SYSTEM

Chemical injection
unit (topside)

Electrical power
unit (topside)

Hydraulic power
unit (topside)

Master control
station (topside)

Dynamic umbilical

Static umbilical

Sensors

Subsea
control

Subsea
distribution

Hydraulic power

Subunit

Hydraulic/chemical

Hydraulic/chemicg

Comb. Pressur

Accumulator

Accumulator -

Subunit Power supply unit
PPy unit line line and temperatu subsea subsea
. . . ) . Chemical | Chemical injection
Subunit Subunit Power/signal lindg ~ Power/signal ljne  wr@nsor - .
injection coupling
Sheath/amour Sheath/amou Pressure sgnsor Filtgr Hiydeaupling
Subsea umbilical [ Subsea umbilical Sand detectio} Hydraulic |Hydraulic/chemic4

termination unit | termination unit sensor coupling coupling
Topside umbilical | Topside umbilical Temperature| Module basg Hydraulic/chemicg
termination unit | termination unit sensor plate jumper
Valve position Power/signal
Unknown Unknown Other
sensor coupler
Power supply  Power/signal
unit jumper
Power/signal
Unknown
coupler
Soleniod
control valve
Subsea
electronic
Unknown

A
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3.2 Manifold

A manifold is constituted by a complex of pipes,iethinterconnect several
incoming lines with one or more outlets, providiag interface between the production
pipeline, flowline and the well. The manifold commgle produced fluids from wells,
incorporating valves and instrument to monitor aodtrol fluids flowing in individual
lines, and also allows injecting and distributirgsgand chemicals to template wells or
satellites.

In a subsea production system the manifold is édus a manifold centre,
bringing support and protection to all pipe workdawalves. The manifold center
constitutes the gathering point in a subsea praslucgystem, into which wellhead
cellars and other manifold centers are connectefiolines. The oil from a manifold
center is conducted to a subsea or fixed platforatyxction statioh “The manifolds
may vary considerably in design from large and demmulti-well template manifolds
to simpler free standing manifoldg”

The reliability data considered in this analyssnprises the manifold and piping
units. The x-mas tree choke module, template amtdr@losystem/pods are outside the
boundary, as is shown Figure 3.3. A list of subdivision in subunits and componeists i

shown inTable 3.2.
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Table 3.2  Manifold, Subdivision into Subunits and ®mponents*

MANIFOLD
Manifold module Pipping module
Chemical injection coupling Connector
Connector Piping (hard pipe)
Control valve Valve, process isolation

Hydraulic coupling

Piping (hard pipe)

Structure-protective

Structure-support

Valve,check

Valve,control

Valve,process isolation

Valve, utility isolation
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3.3 Flowline

These pipes carry oil from wellheads to manifoldl a0 production receiving
terminal. The flowline comprises flexible or rigmpes from the sea floor up to and

including the hang-off on the receiving installatioelong to the riser equipment class.

The boundary definition is shown iRigure 3.4 and applies to all subsea
flowlines from a subsea production facility to gsae production facility or another
subsea production. The connector at the subseéyfasinot included as a part of the
flowline components; however, topside connectanéerporated in this analysi$able

3.3 shows the flowline taxonomy in subunits and congmg>%°

Table 3.3 Flowline, Subdivision into Subunits and 6mponents?®

FLOWLINE
Pipe Subsea process isolation systgm
Coating - external Valve, process isolation
Connector Structure - protective
Flexible pipe spool Structure - support
Rigid pipe spool
Sealine




Subsea Production Facility

First End Flowline Connector

Pipe Spool

Subsea Isolation Valve

Safety Joint

Pipe

Safety Joint

Subsea Isolation Valve

Pipe Spool

Second End Flowline Connector

Receiving terminal

Boundary

Figure 3.4 Flowline, boundary definitiof!
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3.4  Subsea Isolation System

A Subsea Isolation System (SSIS) consists of skwalaes, such as, single
valve with bypass or two serial valves. The Sublse#ation Valves (SSIV) includes
local accessories, e.g. the actuator, and useathe squipment taxonomy as the current

subsea control system.

The classification in subunits and componentsedtdty OREDA database is
shown inTable 3.4and the interface between the SSIS and its sudings is captured

in Figure 3.5.

Control

<

Protective structur

Actuator

Valve

Support structure

W

Figure 3.5  Subsea isolation system, boundary definftion
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Table 3.4  SSIS, Subdivision into Subunits and Compents

Subsea isolation system

Valve, subsea isolation

Structure - protective

Structure - support

35 Riser

The riser is constituted by flowline that carry or gas from the base of a
production platform to the processing pfdntin offshore facilities, there are three
different types of risers: rigid risers in shallomater, rigid risers in deep water and
flexible risers.

Rigid risers in shallow water are set of vertistdel pipes, which are extended
between the seabed and the topside of the fixetfopia A fixed platform supports
laterally this kind of risers.

There are usually two types of rigid riser in deegter: Top Tensioned Risers
(TTRs) that are subject to mechanical tension lsysiem on the platform; and Steel
Catenary Risers (SCRs), which are connected tpltteorm piping through a flex joint
forming an angle.

Flexible risers can adopt different shapes, sisctaaatenary, an S, a wave, etc.
Flexible risers are mostly fabricated by multipdgdrs of steel textile and an inner layer
of elastomer or polymer material
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For our analysis, we are going to take into acttiumfailure data from fixed and
flexible production riser that extend between tiserrbase/manifold and the installation
surface tree. The riser components include risertgofor rigid risers or single pipe
lengths for flexible risers, connectors and variagsessories. The boundary is defined

in Figure 3.6and its taxonomy in subunits and components agented iMable 3.5.

Surface ESD-valve

Surface hang-off

Riser tensioning joint Accessories

Riser elements
(standard joints or flexible hoseg)

1%

Riser connector

Riser base

Protection :

Flowline, manifold, etc.

----------- Boundary

Figure 3.6  Riser, boundary definitidr
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Table 3.5  Riser, Subdivision into Subunits and Comments”®

RISER
Accessories Protection Rise base Rise elemenfs
Bend restictor Anode Gas lift system Connectol
Buoyancy device Coating - externa Structure Pipe
Valve, process
J/I-tube seal . _
isolation
Stabilizing & guidance Valve, utility
equipment isolation
Tension & motion
compensation equipmehnt

3.6 Running Tool

It is a special device used to run and set dovenphlgs or similar equipmenrits
The reliability data comprises in this analysisludes the valve block, connectors, soft
landing system, the running tool itself and thealamntrol and monitoring, as is shown
in Figure 3.7.Running tool subdivision in subunits and composeme shown ifTable
3.6.
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i VALVE
i BLOCK !
i CONTROL AND |
i MONITORING MISCELLANEQOUS i
Pilot _S|gnaI/ Hydraulic power
lemote Iinstrumer
Surface HPU Surface controls

----------- Boundary

Figure 3.7  Running tool, boundary definitiéh

Table 3.6  Running Tool, Subdivision into Subunits ad Components®

RUNNING TOOL

Control & monitoring Valve Block Miscellaneous

Accumulator - subseal  Ram prevenfer Connectqr

Soft landing

Junction plate w/couplefs  Main block
systen

Valve, process

Pilot control valve i )
isolatior

Soleniod control valve Valve, shea

Umbilical
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3.7 Wellhead and Christmas Tree

Wellhead is a hardware complex that incorporapemls, valves and adapters
installed either on the casing surface string ortlm& conductor pipe. The wellhead
provides pressure control in the borehole and etgslthe well production. Devices for
hanging the upper casing and the production tulairey provided for the wellhead.
Surface flow control or X-mas tree can be installedhe upper termination of the

wellbore (wellheadf*

The boundary definition is shown iRigure 3.8 which includes the subsea
wellhead and X-mas tree on single satellite walld aultiple wells. All the valves and
connectors are considered as a part of the wellaeddX-mas tree. The valves were
classified according to functional features, foistamce, process isolation, utility
isolation, check, choke and control valves; and ¢benectors were analyzed within
three nodes: tree to wellhead connector, flowspgoaotealine/manifold connector and
tree to flowbase. The subsea control system, pressud temperature sensors or any
other detector installed on the X-mas tree areideitthe boundafy. Table 3.7 shows

the subdivision in subunits and components.



- Sensors mounted
SUBSEA on the tree
CONTROL
SYSTEM /POD
A
Baseplate
""""""""""""""""""""""""""""""" . 20
1
1
1
TREE CAP + Chemical injection/isolation valves '
1
i
1
ASV PSV :
w coy Choke i
m} I
E >l PWV I j r valve !
0 ® < I
% 9P ' Flowline or manifold
¥ ,{A>|\./2}/ : Isolation valve
T <
AMV XPMV X-mas tree/ 1
- flowline connection :
! D><
1
1
FLOWBASE AN e !
Flowline or manifold !
connection :
R RnnnnnnmnmnInmnmnmmnmmnmnmnmnnmnnnnnmmnmnmnmnnnnnoooTs !
SUBSEA TURBING : Legend: : H
HANGER Tree/wellhead : gend. : !
connector : ASV/PSV: Annulus/Production Swab Valve : |
¢ AMV/PMV: Annulus/Production Master Valve : :
— ¢ AWV/PWV: Annulus/Production Wing Valve : '
i Cov: Crossover Valve : ]
ES : :
$UBSEA WELLHEAD ¢ SCSsvV Surface Controlled Subsurface etv @ :
1
______________________________________________________________________________ J
Xscssv
----------- Boundary
Figure 3.8  Wellhead and X-mas tree, boundary definitfon
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Table 3.7 Wellhead and X-mas Tree, Subdivision int8ubunits and

Componentg®

WELLHEAD AND X-MAS TREE

Flowbase Subsea wellhead Substei:ex-mas Tubing hanger
Annulus seal Chemical Chemical
Frame . . S .
assemblies (packoffd)  injection injection coupling
Hub/mandrel Casing hangers Connecto Hydrayllc
coupling
Valve, check Conductor housing Debris caf Power/signal
coupler
: .| Permanent guidebage Tubing hanger
Valve, process isolatiof (PGB) Flowspool body
e . Temporary guidebase Hose (flexible | Tubing hanger
Valve, Utilit lat n , )
alve, Uity isoiation (TGB) piping) isolation plug (H
Wellhead housing Hydraulic
(high pressure coupling
Piping (hard
pipe)
Tree cap

Tree guide fram

19

Unknown

Valve, check

Valve, choke

Valve, control

Valve, other

Valve, process
isolation

Valve, utility
isolation
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CHAPTER IV

AVAILABILITY MODEL

The petroleum and gas industry have to go beybrdfrontiers of traditional
discovery, since the onshore hydrocarbon resouscesday by day scarcer. For this
reason, there was a push to explore for hydrocarbtishore. However, once the barrier
of operating in water was broken, the offshore eagiing had other challenge, which
was increasing water depth at which these opematake place. As the water depth rise,
the costs and the risk associated with the subgagpraent increase. Therefore, an
accurate measure of its failures applied in réliigbiavailability and maintainability

analysis, is a fundamental part to quantify thk imsolved in the process.

The techniques for quantifying and predict frequyeaf failures were previously
applied mostly in the domain of availavility, whehe cost of equipment failure was the
prime concern. In the last few years, the tendefrythese techniques has been
extended to be used in the field of the hazardsassent’. To analyze the failure risk,
systems modeling have been developed over the2tasears, by means of fault tree
analysis, reliability block diagrams, Markov methanati Monte Carlo simulation.

Montecarlo Simulation is used in this work to miogeobabilities of failure,
types of failure, time to repair and time of ocemte associated with each failure in an
oil/gas production field. By this methodology, tfelure rates of specific component
parts can be accurate assessed and predicted hhsoggessive computer runs. Then,
this downtime forecast is introduced in a processigtion modeling to perform a new
production planning in an effective work perioddueing the uncertainty due to
unavailability on the subsea equipment employethénproduction of either oil or gas.
Thus, financial risk decision, such as deliver@pitiontract, can be improved by using

this efficient approach. Furthermore, a precisalipt®n of the trend of failure may be
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used to adjust the design configuration and maiatality philosophy can be made early

in the design cycle in order to optimize the rdligband availability.

In this chapter we are going to discus: the ppakidefinitions, reliability,
availability, maintainability and failure conceptshe procedure, assumption and
equation used to perform the availability model, nt&zarlo simulation and the new
disjunctions gotten after include the availabilityodel into the process simulation
modeling.

4.1 Terms Definition

In order to perform the availability modeling € first necessary to define the

terms that are being used through this chapter.

= Boundary: The interface between an item and its surroundings

= Mean Time Between Failures (MTBF): This is the mean of times between
failures for a particular item. It includes botheoating and repair tinié

= Mean Time To Failure (MTTF): This is the mean of operating times, for
example, the time from when an item is put intorapen to the time when it
fails®®.

= Mean Time To Repair (MTTR): MTTR is the mean of the times from when
repair stars on an item to the time when the repairk is complete (“Total
corrective maintenance time divided by number afesponding maintenance
actions during a given period of time”). MTTR exdés other maintenance times
such as transportation and installatfon

= Mean Down Time (MDT): MDT is the mean of times needed to restore an
item to service. It includes not only repair timayt also other shut down
activities such as waiting for spare parts, and ingpan item to and from the
workshop. The sum of MTTF and MDT is MTBF
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Calendar Time: The interval of time between the start and end afad
surveillance for a particular itéth

Component — Subsea: These are subsets of each subunits (subsea inyentor
and will typically consist of the lowest level iterthat are repaired/replaced as a
whole (e.g. valve, sensor, €t)

Subunit — Topside: An assembly of items that provides a specific fiorcthat

is required for the equipment unit to achieve itdemded performance.
Corresponds frequently with sub-tag numbers

Subunit — Subsea: A subsea equipment unit is subdivided in severalisiis,
each with functions required for the equipment tmiperform its main function.
Typical subunits are e.g. umbilical, HPU, etc. Hubunits may be redundant,
e.g. two independent HP&s

Taxonomy: A systematic classification of items into genegioups based on
factors possibly common to several of the itemg, ®inctional type, medium
handled®.

Iltem: A common term used to denote any level of hardwassembly; i.e.
equipment unit, subunit, maintainable items andspar

Numbers of demands: The total number of times an item is required to
perform its specified functions during the openasibtimé?®.

Operational time:  The period of time during which a particular iteerfjorms

its required functions, between the start and drthta surveillanc®.
Reliability

The reliability of a component or of a system e tprobability that it will

perform a required function without failure undéated conditions for a stated period of

time®.

Reliability is mathematically expressed as:

R(t) = [ f (x)dx (4.1)
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Where f(x) is the failure probability density fuoiti and t is the length of the period

(which is asumed to start from time zero).
4.3  Availability

The definition of reliability provided above usually understood to contain the
implicit assumption that, once an item has failédis immediately discarded and
replaced. The assumption of single use is reaserglications such as electronics,
where spares can often be obtained cheaply andlledstquickly. However, the
assumption of single use is generally not apprépfiar process plants because almost
all the equipment is much too expensive to be dizhafter one failure, and so it has to
be repairable. Therefore, when engineers in thegs® industries discuss reliability,

they are, in fact often referring to availabilityhich is defined as follow:

The availability of a repairable component ortegsis the fraction of time that it

is able to perform a required function under stamutitions®.

Even in a repairable system, not all types of fagucan be repaired. For
example, if a storage tank were to catch fire amch lbo the ground, it is obviously not
repairable and has to be replaced with a new tadnkpractice, this distinction is not
usually important in availability analyses becauise repairable failures are usually

much more common than non-repairable failures.

There are several representations of availapiityich differ in the conception of

the component cycle, the most common ones are:
4.3.1 Limiting Point Availability

This concept of availavility includes as componentle: the time in service
(MTTF) and the time to repair (MTTR). Then, theaé cycle can be represented as:

tye = MTTF +MTTR = 1,1_px4 (4.2)
A u Au
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Where,\ is the failure rate ang represents the repair rate.

Availability is defined a¥*

Ao MTBF
MTTR+MTBF A+ u

4.3)

4.3.2 Availability Including Test and Time to Repair

This approach is more realist that the previous ®he component cycle include
a test of equipment in a stated period of time. fitme in service (MTTF) and the time
to repair (MTTR) are also part cycle compondite Figure 4.1shows the effect of the
test and repair duration on the availability, appeathe residual unavailability concept,
which proposes that a component can not returitstoriginal state once, it has been

repair. The only exception to this approach is wtiencomponent is total replaced for a

new devicé®,
1.0
- Test, ty,__ |
5 duration
2 Mean
g = repair, tg ,
= duration Test
E Test
5 -
= 5 fr.
o Jﬁﬂgg ffect of tests, dem-
5 components onstrating that some
3 requiring repair failure modes have
S = not become activated
[ ) 5 ) {]2
ect of uniested failure modes and
new defects I

——t
ke

ts Time, t
1 = time of first test

t
t. = time of i-th test

Figure 4.1  Unavailability for a periodically tested item indimg test and repair

outage¥
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4.3.3 Availability Including Standby, Test and Time to Repair

This availability approach is the most precisetle real life. Since that it
proposes similar field conditions, including stapdiest and repair periods. However, it
is very hard to collect and find this kind of dafghe average unavailability (Q) is
obtained from*>%

Q= Atsz +t, + oty /(ts +, +tR)
2 (4.4)

Where, { is the standby time; iis the test time preventive maintenance or baths the
repair time andd frequency of repair.

The cycle time is represented as:

cycle = ts + tt + tR (45)
The total downtime is: tp =1p 1 +t
D D. Dt DR (46)
Downtime during standby: 2
to = At (4.7
2
Downtime during testing: -
for =k (4.8)
Downtime during repair: tor = frls (4.9)

In our case study we are going to use the firpt@gch due to the lack data for
the standby and test period. The general assummtiothis study is that when a

component fails, it is totally replace or returrstvice in “as good as new” state.
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Maintainability

The maintainability of a failed component or systis the probability that it is

returned to its operable condition in a statedqukof time under stated conditions and

using prescribed procedures and resodrces

The combined topics of Reliability, Availabilittand Maintainability are

sometimes referred to as RAM.

4.5

Failure Concepts

Failure is “the termination or the degradationtod ability of an item to perform

its required functiorf®. In this project the failure concept includes:

Complete failure of the equipment.

Failure of part of the item, causing equipment @ilability for corrective action.
Failure found during inspection period, testingpogventive maintenance, which
necessitates repair actions.

Failure on control/monitoring or safety devices tthraquires shutdown or

reduction of the items capability below specifiedits.
The following outages are not considered as fadur

Preventive or planned maintenance that causes ilaiaility.
Shutdown of the item due to external conditionsmhiere no physical failure
condition of the item is revealed. A shutdown i¢ tebe considered as failure

unless there is some recorded maintenance aélivity

A required function is defined as any function essary to maintain the item'’s

capability of providing its output at specified eafly and quality. The failure could be

either complete loss of function degradation bedmwacceptable limit.
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451 Failure Mode

“The failure mode is the effect by which a failuee dbserved on the failed
unit"®. The loss of required system function that resfitisn failures or an undesired
change in state or condition is described by thlereamode. In this work, the failure
mode is related to the equipment unit level. THeufa mode is a description of the
various abnormal conditions of an equipment unid &me possible transition from

correct to incorrect state.
The failure mode is divided in two main categaries

= Demand change of state is not achieved.

= Undesired change in conditidis

Events like fail-to start/stop and fail-to opeokt are included in the first
category, which are directly related to the functianit failure. The second class is

related to either function or condition as follows:

= Undesired change in manner of operation.

= Undesired change of condition, for example, vilmatand leakage. This
category does not affect the function immediatélyt may do so if not
attended to within a reasonable time.

4.5.2 Failure Severity Class Types

= Critical Failure: A failure which causes immediate and complete los®&
system’s capability of providing its output.

= Degraded Failure: A failure which is not critical, but prevents thgsgeem from
providing its output. If it is not attended, coulgsult in a critical or degraded
failure in the near future.

= Unknown: Failure severity was not recorded or could notiéducedf.
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The severity class is used to describe effecthenseverity of loss of system
output and system operational status. Each faiturelated with only one severity class,

critical, degraded or incipient, independentlylod tailure mode and failure cause.
4.5.3 Failure Rate

The failure rate function is the likelihood of &@m, which has survived in a
time t, will fail during the next unit of time. Thiprobability will increase with the age t,
when the item is deteriorating. For instance, a mhao has reached the age of 95 years
will obviously have a higher probability of dyingudng the next year than a 20 years
old man. The failure rate function will thereforsually be a function of the time or the

age of the iterir.

The mathematical definition of the failure ratendtion start with the time to
failure T of an item; where T is the time from fbem is put into operation until the first
failure occurs. It is generally impossible to prtdhe exact value of the time to failure,
and T will therefore be a random variable with sodistribution. The failure rate

function’ (t) can be defined mathematicallyas
A)* At = Prt <T <t +At|T >t) (4.10)

The probability that the item will fail in the tininterval (t, tAt) is stated in the
right hand side of this equation, when the itenstil functioning at time t. In other
words, failure rate is the probability that an itdmat has reached the age t will fail in the
next interval (t, tAt). “The approximation is sufficiently accurate wh#t is the length

of a very short time interva®.
4.5.4 Life of a Technical Item

The life of a technical item is generally dividiedo three different phases: burn-
in (or debugging) period, the useful life perioddahe wear-out period. The failure rate
function will usually have different shapes in theee phases. In the burn-in phase, the
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failure rate function decreases; then, in the ddd&uphase (normal operation region),
the failure rate is close to constant; and increasie wear-out phase. This trend is
illustrated inFigure 4.2 and is called a “bath-tub” curve because of itarabteristic
shape, and is often claimed to be a realistic mfmehechanical equipment.

In this analysis, we are assuming that the itemois deteriorating during the
useful life phase this phase, this means thatdheré rate function is constant during

this period. The deterioration will start when tteen enters to wear-out phase.

For subsea equipment, installation problems haenldisregarded. In others
words, the data collection starts when the equipniennstalled and ready for its

intended service (useful life phase), this meantti@burn-in phase is neglected.

Typical mechanical
equipment

Typical
electrical

: : T

i i Random failure

M | fe expectancy —';

& i rate

- -

: ! |

time

Burn-in or ‘.-"."e_a r-out
debugging Useful life period period

period

Figure 4.2  Typical life-cycle of a technical iteth
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The majority of the items are subject to some mtea@nce or replacement
procedures, which are frequently replaced befosy tleach the wear-out phase. An
important implication is that the repaired itemcsnsidered to be “as good as new.
Therefore, the main part of the failure events wdine from the useful life phase, where

the failure rate is close to constax(t)=A.
The mean time to failure, MTTF, may be calculasd

MTTF :% (4.11)

4.6  Estimators and Uncertainty Limits

The procedure for estimation of probability of ¢a#, demand probabilities and
uncertainty limits for homogeneous and multiple phas is stated as follow, according
to OREDA DATABASE metodologHy.

4.6.1 Homogeneous Sample

When we have failure data from identical itemd theve been operating under
the same operational and environmental conditiores,have a homogeneous sample.
The only data we need to estimate the failure (fgte this case is the observed number

of failures (n) and the aggregated time in seryige
]
The estimator ofl is given by:

O
A=

Number_gf_@lures | _n (4.12)
Aggregated time_in_service 1

The aggregated time in service, may be measuréére#ts calendar time or

operating time. This approach is valid only in tbikowing situations:
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= Failure times for a specified number of items, whle same failure rate, are
available.

= Data (several failures) is available for one iteon & period of time, and the
failure ratel is constant during this period.

= A combination of the two above situatidhs

O
The uncertainty of the estimatéd may be presented as a 90% confidence

interval. This is an intervak(, Ay), represented by:
Pri <A< Ay) =90% (4.13)

With n failures during an aggregated time in servic this 90% confidence

interval is given by:

1 1
E Z952n 'E Zy05,2(n+1) (4.14)
Where Zggsyv and Zogsyv denote the upper 95% and lower 5% percentiles,

respectively, of the % distribution with v degrees of freedom (Chi-Saudistribution).
4.6.2 Multi-Sample

In many cases we do not have a homogeneous salapleThe aggregated data
for an item may come from different installationgthwdifferent operational and
environmental conditions. In these situations wey nucide to combine several

homogeneous samples, this concept is called narttipte.

The various samples may have different failuresand different amounts of

data; and for this reason, different confidencerils.

If we plan to merge all the samples and estimagealverage failure rate as the
total number of failures divided by the aggregaietk in service, we can not always
obtain an accurate result, because the confiderteeval will be unrealistically short.
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We therefore need a more advanced estimation pnoeeiy take care of the multi-

sample problem.

To deal with this multi-sample situation, Spjgtv@ll985) formulated an
estimator procedure to get the average failureinaéemulti-sample problem with a 90%

of uncertainty interval. The estimator was basetherfollowing assumptions:

= We have k different samples. A sample may corredpfmm example to a
platform and we may have data for similar itemsduse k different platforms.

= In sampleno i we have observed failures during a total time in servieg for
i=1, 2...k.

= Sampleno i has a constant failure ratefor i=1,2...k.

= Due to different operational and environmental ¢bowls, the failure rate; may

vary between the sampf8s

The variation of the failure between samples mayrwdeled by assuming that
the failure rate is a random variable with soméridistion given by a probability density

functionz (A).

The mean or “average” failure rate is thefi= I/]n(/])dA (4.15)
0

00

And the variance is5” = | (A -6 Fr(r)dr (4.16)

0

To calculate the multi-sample estimator, the follayvprocedure is used:

1. Calculate an initial estimatél of the mean (average) failure rétéy:

S
. n
Total _no_of _ failure _ 4=

Total _time_in _service (4.17)

6, =

™~

W
-
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Calculate: ) )
Sl:zri S :ZTiZ (4.18)
i=1 i=1
K %) Kk m2
v=y ni-flri - znr_' -4%s, (4.19)
i=1 i i=1 i

Calculate an estimate fof, measuring of the variation between samples.

522V -(k-D4

Si_s, x§ When greater than zero, else 0. (4.20)

Calculate the final estimae of mean (“average”) failure raéeby:

g 1 | 1 n (4.21)

Let SD=0
Where & is the mean, and SD the standard deviation.

The lower and upper “uncertainty” values are gilsgn

Upper
[.n(A)dA = 90% (4.22)

Lower

n(A) is assumed to be the probability density functioh a Gamma

Distribution with parameters andp.
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7. The parameterg andp are estimated by:
~ g A A
B = 57 a=p6 (4.23)
8. The following formulas are now applied:
Lower = W (424)
Upper= ——~ (4.25)
pper= Zﬁzo.os,zﬁ )

Where 395y and zos, denote the upper 95% and lower 5% percentiles,

respectively of theXdistribution with v degrees of freedom.

However, in the case of k=1, the procedure cabeatised. In this case, the n/
estimate is given for the mean, and the lower gpmkuvalues should be interpreted as a

traditional 90% confidence interval.

If no failures are observed for an item the folilogvapproach is used to obtain

lower, mean and upper values for “all failure mddes

1. Let /ip denote the failure rate estimate (mean) one lepehitthe taxonomy
hierarchy.
2. Let t denote the total time in service (operational aewrdar) for the item of
interest.
1
3. Let a:1/2 ﬂ: —+7 (4.26)
P
4. An estimate for the failure rate is now ; = (4.27)

a
B
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5. The standard deviation is given by
SD= % (4.28)
6. A 90% uncertainty interval is given by
(S g )* {Oloﬁoz’l;} “2)

4.6.3 Estimation of Demand Probabilities

The demand probability is estimated if informatetvout number of demands is
provided. The demand probability is always relatedne specific failure mode, for
instance a critical fail to start. The demand falprobability is calculated by:

. N
= 4.30
=4 (4.30)
Where n is the number of failures with the appiatprfailure mode and d is the

number of demands.
4.7  Active Repair Time

The total calendar time required to repair andrrethe item to a state where it is

ready to resume its functions is called active irejrae.

In the active repair time is neglected: the timel¢tect the failure, time to isolate
the equipment from the process before repair, dataywaiting for spare parts or tools,
and any time after the repair has been completdatieifitem is not put into service
immediately. Time for testing is included when stiesting is an integrated part of the

repair activity®.
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4.8  Availability Modeling - Program Developed

The availability of a system is analyzed by Mont&l€ simulation. A program
was built by using C++ and Visual Base environmdntsnodel the probabilities of
failure, the type of failure, the time to repailsasiated with each failure, and time of

occurrence for a field system.

A total of 129 failures from the principal subsesnponents were included in the
analysis, assuming that the probability of failuseconstant and all the failures are
independent. Therefore, common failures were exadud this study. The methodology

to estimate the probability of failure was explairierough the section 4.6.

The availability was calculated using the limitipgint availability approach,
which assumes that component cycle includes: the in service (MTTF) and the time
to repair (MTTR). So, the availability is only fation of the time to repair and the time
between failures, as is stated:

Ao MTBF  _ 4
MTTR+MTBF A+ u

(4.31)

Furthermore, according to this approach we cannasghat when a component
fails, it is totally replace or return to service“as good as new” state. For this reason,

the time to repair is equal to the downtime.

The subsea components included in the analysifistee: Manifold, Flowline,
Subsea Isolation System, Riser, Running Tool, Véaklh& Christmas tree and Control
System. The data used for the availability modethsas type of failure, probability of
failure and time to repair, correspond to the Qiffgh Reliability Data and are

represented throughables 4.1t0 4.7.



Table 4.1 Failure Data for Manifold®®

Taxonomy No Item: Manifold
Aggregated time in service
Population Installations Failure Data (10"6)
2¢ 11 Calendar Time (1.334Z
, . Severity Class Failure Data (per 10"6) Ac_:t|ve Repalr
Failure # Component No of Units # Time (hours)
C D I U Mean SD n/t Mean
Manifold Unit
1 Chemical Injection coupling 19* 0.2570 0.3635 7.00%*
2 Connector 214 1 1 0.1093 0.1791] 0.0993 2.00
3 Hydraulic coupling 87 0.0591 0.0836 7.00**
4 Piping (hard pipe) 38* 0.1792 0.2534 7.00%*
5 Structure-protective 15 0.4128 0.5838 7.00**
6 Structure-support 6 1.1738 1.6600 7.00**
7 Valve, check 14 0.4534 0.6412 7.00%*
8 Valve, control 13 0.3419 0.4835 7.00%*
9 Valve, process isolation 298 9 8 1 0.8313 0.9593 0.67(Q8 8.00
10 |Valve, utility isolation 148* 0.0849 0.1201 7.00%*
Pigging module
11  |Connector 2% 0.2478 0.3505 7.00%*
12 |Piping (hard pipe) 1* 0.3643 0.5152 7.00%*
13 |Valve, process isolation 11* 0.4184 0.591y 7.00**
Equipment level manifold 29 10 2 7 1 0.4756 7.4826 7.49%0 7.00
For components with no failures, n is set to Ogetan a non-informative prior.
Comments * Mean failure for the common components usaterestimator.
** Data assumed, taking the average time to regidive component.
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Table 4.2 Failure Data for Flowline®

Taxonomy No Item: Flowline
Aggregated time in service
Population Installations Failure Data (1076)
59 11 Calendar Time (2.0850)
. . Active Repair
Failure # Component NG of Units 4 Severity Class Failure Data (per 10"6) Time (hoSrs)
C D | ) Mean SD n/t Mean

Pipe
14 Coating-external 38 0.1624 0.2297 2.00**
15 Connector 91* 0.0876 0.1239 2.00**
16 Flexible pipe spool 26 1 1 1.1956 1.6546 0.720p 2.00
17 Rigid pipe spool 74 0.0800 0.1132 2.00**
18 Sealine 55 0.1374 0.1943 2.00**

Subsea Isolation System
19 Valve, process isolation 17+ 0.2727 0.3856 2.00**
20 Structure Protective 0.2835 0.4010 2.00**
21 Structure Support 0.2835 0.4010 2.00**

Equipment level flowline 29 1 1 0.4346 0.8654 0.479p 2.00

For components with no failures, n is set to 0.$ebeon a non-informative prior.
Comments * Mean failure for the common components usethé@estimator.
** Data assumed, taking the average time to repfaine component.
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Table 4.3  Failure Data for Pipeline?®

Taxonomy No ltem: Pipeline - SSIV (Subsea Isoltion System)
Aggregated time in service
Population Installations Failure Data (10"6)
85 32 Calendar Time (2.3683)
) ) Severity Class Failure Data (per 106) Active Repalr
Failure # Component No of Units|  # Time (hours)
cC| D I U Mean SD nit Mean
Subsea Isolation System
22 |Valve, subsea isolation 146 9 5 4 2.0040 3.5684 2.5014 36.00
23 |Structure - protective 3.0865 9.6702 3.800|t 29.00*
24 |Structure - support 3.0865 9.6702] 3.800 29.00*
Equipment level pipeline 85 9 2 6 3.0865 9.6704 3.80Q1 29.00
For components with no failures, n is set to Osedban a non-informative prior.
Comments * Mean failure for the common components usddrestimator.

** Data assumed, taking the average time to repéie component.
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Table 4.4  Failure Data for Risef®
Taxonomy No ltem: Riser
Population Installations Failure Data Aggregated Fime in service
42 8 Calendar Time (2.0633)
, ) Severity Class Failure Data (per 10"6) A(_:tlve Repalr
Failure # Component No of Units| # Time (hours)
C D I U Mean SD n/t Mean

Accessories
25 |Bend restrictor 8.3103 | 11.7526 76.00**
26  |Buoyancy device 8.3103 11.7526 76.00*
27 ]I/ - tube seal 8.3103 | 11.7526 76.00*
28 |Stabilizing & guidance equipment 8.3103 11.7526 76.00*
29 Tension & motion compensation equipmgnt 8.3103 11.7526 76.00*

Protection
30 JAnode 1 7.2466 | 10.2482 76.00**
31 |Coating-external 1 7.2466 10.2482 76.00*

Riser base
32 |Structure 3.1408 6.6488| 2.4238 76.00*
33 |Valve, process isolation 3.1408 6.6488| 2.4238 76.00™
34 |Valve, utility isolation 3.1408 6.6488| 2.4238 76.00*
35 |Other 3.1408 6.6488| 2.4238 76.00*

Riser elements
36  |Connector 81* 0.0857 0.1212 76.00%*
37 |Pipe 44 5 4 1 3.3088 7.2821) 2.3597 76.00

Equipment level Riser 42 5 4 1 3.1408 6.6488] 24233 76.00

Comments

For components with no failures, n is set to Osetban a non-informative prior.
* Mean failure for the common components usebl@restimator.

** Data assumed, taking the average time to reaire component.
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Table 45  Failure Data for Running Toof®
Taxonomy No ltem:; Running Tool
Population Installations Failure Data Aggregated 'Fime in service
6 2 Calendar Time (0.3032)
) ) Severity Class Failure Data (per 10"6) Active Repair
Failure # Component Noof Units| # Time (hours)
C D I U Mean SD nit Mean

Control & Monitoring
38  JAccumulator - subsea 1* 0.7785 1.1010 40.00*
39 |Junction plate w/couplers 7 2 2 5.1754 5.2628] 5.9221 40.00
40 |Pilot control valve 1 7.2466 10.2482 40.00**
41  |Umbilical 1 7.2466 | 10.2482 40.00*
42  |Other 1 7.2466 | 10.2482 40.00*

Valve block
43  |Main block 1 7.2466 | 10.2482 40.00*
44 |Valve, process isolation 4* 0.4628 0.6545 40.00*
45 |Valve, shear 5 1 1 3.9712 4.3856] 4.343% 40.00*
46  |Other 1 7.2466 | 10.2482 40.00**

Miscellaneous
47  |Connector 6 1 1 3.1344 2.6314] 3.2979 36.00
48  |Soft landing system 3 1.7607 2.4900 36.00**
49  |Other 1 7.2466 10.2482 36.00*

Equipment level running tool 6 4 4 11.2412] 10.525¢ 13.1918 38.00

For components with no failures, n is set to Osedtb@n a non-informative prior.
Comments * Mean failure for the common components usedarestimator.
* Data assumed, taking the average time to rep#ie component.
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Table 4.6 Failure Data for Well Head and X-mas Tre®
Taxonomy No lterm: Wellhead & Xmas Tree
Aggregated time in service
Population Installations Failure Data (106)
83 13 Calendar Time (3.0208)
) ) Severity Class Failure Data (per 10°6) Active Repalr
Failure # Component No of Units| # Time (hours)
C D I U Mean SD nit Mean

Flowbase
50 |Frame 38 5 5 36968 95439 4.1036 8.00
51 |Hub/mandrel 47 01751 | 0.2476 7.00**
52  |Valve, check 2 21961 | 3.0157 7.00%*
53 |Valve, process isolation 18 1 1 1.6114 14650 1.79%4 6.00
54 |Valve, utility isolation 5* 0.3479 0.4920 7.00%

Subsea wellhead 82 0.0839 0.1187 7.00*
58 |Annulus seal assemblies (pack 13 0.049( | 0.069 7.00*
56 |Casing hangers 106 0.0590| 0.0834] 7.00**
57  |Conductor housing 74 0.0889 0.1257 7.00%*
58 |Other 10 05900| 0.8344 7.00%*
59  |Permanent guidebase (PGB) 49 0.1524| 0.2155 7.00**
60 |Temporary guidebase (TGB) 13 0.7206 1.0190 7.00%*
61 |Unknown 5 33613 | 4.7536 7.00**
6z  |Wellhead housing (high pressure hou 7z 0.090° | 0.128 7.00%

89



Table 4.6  Continued®
Subsea X-mas tree
63 |Chemical injection coupling 124* 0.0782 0.1106 33.00**
64 |Connector 212 1 1 0.6193 13502 0.1341 33.00**
65 |Debris cap 44 0.1504 0.2127 33.00**
66 |Flowspool 77 1 1 0.4525 0.8316] 0.35% 72.00
67 |Hose (flexible piping) 20 0.3692 0.5222 33.00**
68 |Hydraulic coupling 1266 3 3 0.0678 0.1064 0.0692 9.00
69 |Other 25 0.2368 0.3349 33.00**
70 |Piping (hard pipe) 49 1 1 0.6033 1.6847] 0.6005 33.00**
71 |Tree cap 76 8 8 2.7429 48396 2.82941 17.00
72 |Tree guide frame 42 2 2 1.3889 1.1862] 1.4530 6.00
73 |Unknown 6 24527 3.4687 33.00**
74  |Valve, check 75 0.0729 0.1031 33.00**
75 |Valve, choke 75 22 7 15 11.3274 7.28494  9.0909 35.00
76 |Valve, control 163 0.0370 0.0523 33.00%*
77  |Valve, other 24 1 1 0.9924 0.9924] 0.99¢4 33.00%*
78 |Valve, process isolation 550 8 4 3 1 0.4085 0.2360 0.3903 92.00
79 |Valve, utility isolation 181 3 3 1.0345 1.3412) 0.5040 10.00
Tubing hanger

80 |Chemical injection coupling 6* 0.3647 0.5157 7.00%*
81 |Hydraulic coupling 104* 0.1124 0.1590 7.00%*
82  |Power/signal coupler 41* 0.2109 0.2983 7.00%*
83  |Tubing hanger body 75 2 2 0.6806 17175 0.7265 7.00**
84 |Tubing hanger isolation plug ( 28 0.260¢ 0.368t¢ 7.00*

Equipment level Wellhead & Xmas Tree 83 58 10] 34| 14 23.097¢ 17.3006  19.2¢00 29.00

Comments

For components with no failures, n is set to Osetban a non-informative prior.

* Mean failure for the common components usebl@restimator.

** Data assumed, taking the average time to reaire component.
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Table 4.7  Control Systerf®
Taxonomy No ltem: Control System
Aggregated time in service
Population Installations Failure Data (1076)
17 13 Calendar Time (0.8531)
. . Severity Class Failure Data (per 10"6) A_ct|ve Repair
Failure # Component No of Units # Time (hours)
C D I U Mean SD n/t Mean

Chemical Injection Unit (topside)
85  |Subunit 0.5419 0.7664 9.00**
86 |Other 0.4854 0.6864 9.00**

Electrical power unit (topside)
87 Power supply unit 21.6396| 13.3025 10.00
88  |Subunit 49412 47225 12.00

Hydraulic power unit (topsite)
89 Hydraulic power unit 25.4930 8.2222 7.00**
90 |Subunit 12.7661| 19.0370 7.00**

Master Control station (topside)
91 |Subunit 73.9949| 66.6081 8.00**
92 |Other 59.3623| 61.7183 8.00**

Dynamic umbilical
93  [Hydraulic/chemical line 0.1149 0.1625 9.00**
94  |Power/signal line 0.9179 0.8047 9.00**
95 Sheath/armour 5.5056 7.7861 9.00**
96 Subsea umbilical termination unit 0.8785 1.2424 9.00**
97  |Topside umbilical termination unit 4.1813 4.1813 9.00**
98  |Unknown 5.5056 7.7861 9.00**

Static Umbilical
99 Hydraulic/chemical line 0.4435 0.8196 2.00
100 [Power/signal line 2.4052 1.9714 24.00**
101 |Sheath/armour 0.6108 0.8638 24.00**
102 |Subsea umbilical termination unit 1.9223 3.4519 50.00
103 |Topside umbilical termination unit 0.6248 0.8836 24.00**
104 JUnknown 2.2023 3.1145 24.00**
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Table 4.7 Continued®

105
106
107
108
109
110

111
112
113
114
115
116
117
118
119
120
121

122
123
124
125
126
127
128
129

Sensors
Combined pressure and temperature senso
Flow sensor

Pressure Sensor

Sand detection sensor
Temperature sensor

Valve position sensor
Subsea control module
Accumulator - subsea
Chemical injection coupling
Filter

Hydraulic coupling

Module base plate

Other

Power supply unit
Power/signal coupler
Soleinod control valve
Subsea electronic module
Unknown

Subsea distribution module
Accumulator - subsea
Chemical Injection coupling
Hydraulic coupling
Hydraulic/chemical coupling
Hydraulic/chemical jumper
Power/signal coupler
Power/signal jumper
Unknown

Equipment unit level Control System

0.9210
0.1758
1.7656
2.2023
0.2563
4.5779

2.4156
1.4074
0.0745
0.0587
0.1100
20.3726
0.2674
0.1587
1.1628
12.7556
50.9948

0.3925
0.1310
0.2743
2.3023
0.5856
7.7878
3.4682
47.1876

17 287 14 12 190 293.2740

12.00
11.00**
11.00**
11.00**
11.00**
11.00**

7.00
12.00
7.00**
12.00
7.00**
24.00

7.00**
12.00
12.00
3.00
21.00

24.00
24.00*
3.00
16.00
104.00
8.00
43.00
24.00**

9.00

Comments

For components with no failures, n is set to 0.5 based on a nomatfee prior.
* Mean failure for the common components used in the estimator
** Data assumed, taking the average time to repair of thecoent.

T.
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4.8.1 Monte Carlo Simulation

Numerical simulations werased for the first time in 1942 at Los Alamos to
solve problems that could not be solved by traddalaneans. Monte Carlo method was
invented for Stanislaw Ulam, when he worked in aotly of nuclear chain reaction.
Ulam suggested that numerical simulation could Is®dufor the evaluation of
complicated mathematical integrals, which can na& $olved by conventional
techniques. John Von Neumann, Nicholas Metropaii$ @thers continue this work to

reach a more formal development of Montecarlo natho

The basic concept behind Monte Carlo approach isinwlate repeatedly a
random process for the variable of interest cogedarwide range of possible situations.
These variables are a drawn from pre-specifiedaiyibiby distributions that are assumed

to be know, including the analytical functions arsdparameter.

In our study, several situations were created. fits¢ situation generated by
running Monte Carlo simulation was the probabiliof failure, where gamma
distribution was employed to generate the failvead. Then, we can use the probability
of failure to define the type of failure. At thensa time, the time to repair can be
obtained according to the failure class. Finallyuking this random process we can find
the time of failure occurrence. These predictioresiacluded into a Process Simulation

of Hydrocarbon Production to develop a productioretast in an effective work period.

The Figure 4.3 shows the created software screen input. A scheimdonte
Carlo simulation methodology is used to explainlgakse procedure for the availability

modeling. The scheme is shown as follow:
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Probability of Failure in Subsea Equipment

Call Random (mean failure)

I (A <51x107°)

else
end if Well-1A works

if Well-1A fails

Type of Failure

it (47310 < A) <51x10°)

else

¢ (016a0° <Ag) < asao?)

Reparation Time

If Fails number 121
else
If Fails number 4

Then:
Well-1A fails

Well-1A works

Then

Fails number 121

Then

Fails number 4

Then

Reparation Time = 21 hours

Reparation Time = 7 hours
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4 Occurrence Failure Time
Call Random (period of planification,n)

Mean Failure (1) = 6x107*)

If n = 1000 hours Then
T fail = 2 day
T fail = 7 day
T fail = 15 day
T fail = 35 day
T fail = 37 day
T fail = 40 day

After introduce all the data in the code, we creaseftware to measure the
availability in a stated period of time.

ﬂ.-'\::'l'i: Linear Eguations
I

— Failurez

Murber of Failures 1129

Mean Rate Fepar Rate

Mame [pree 100000 s [Hourz]
| 1 |Chemical inection couping |I125?' i? |
| 2 |Comnector [I:u 1053 ]2
] 3 ]H pelraudic coupling ||:u:|591 ]?
[ 4 |Pininu fherd pip=) 01792 7

Peiiod [Days]  |3652 Mew Schedide Cave
Murnber of Wels iEU

Dpan

whell 1: Faile 4 in day 1895 duing 7 days. Fails 4 in day 3549 dusing 7 daye. fwel 2 el 3

Figure 4.3  Availability software



Disjunctions for well in Production and Shutdown ircluding the availability concept

Production Shutdown
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After the availability analysis we can suggest nemstrains for the previous
program, which are going to include the time repaiedicted in the availability

software. The new set of disjunction is shown mdhove scheme.

Note:

GAP software also has an option to measure the tim@napplying Montecarlo
simulation, called Open Solver. However, this opteoes no allow as predicting in
detail the downtime, for instance, does not prethet type of failure and the time in
which the failure occurs. Also, to use this funotics needed the maximum and
minimum time to repair and its standard deviationour analysis, we infer the time to
repair from the probability of failure and also @n@ complete analysis is performed,

taking in account the principal surface equipment.



CHAPTER V

CASE STUDY
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One of the tools commonly used to evaluate thenopétion of oil/gas

production system is the process simulation modelifhis work will use three
programs for the process simulation modeling, wigicdt M-Ball (Reservoir Modeling),

Prosper (Well Modeling) and Gap (network system).

After the optimization modeling is completed, wee ajoing to integrate the
availability analysis to the above model descriptioThe availability of a system is
analyzed by Monte Carlo simulation, which involtkse modeling of the probabilities of
failure, the type of failure, the time to repairsasiated with each failure, and time of
occurrence for a field system. As a result, a pevduction planning is accomplished in

an effective work period.

5.1 Statement of the Problem
This synthetic case is based on data from dieddldevelopment, which was

kindly provided by Petroleum Expert. The followidgta is available:

Table 5.1 Reservoir Data

Reservoir A Reservoir B
Reservoir Temperature (Tg) 250 F 180 F
Reservoir Pressure (Tp) 9800 psig 4500 psig
TVD 11000 ft 10000 ft
Permeability (k) 400 mD 80 mD
Oil density 39 API 32 API
Gas density 0.67 0.62
Bubble Point (P},) 3900 psig 3200 psig
GOR 680 scf/stb 480 scf/stb
Reservoir Thickness (h) 200 ft 200 ft
Oil in Place (N) 650 MMstb 380 MMstb
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The distant between the two reservoirs is 15 kmiamelpresented iRigure 5.1.

N V<—== [ N

Reservoir A 15 Km Reservoir B

Figure 5.1  Reservoirs scheme

Surface Equipment:

= Use a separator placed between the two reservdiish have not constrains on rates.

Economic Data:

* The cost of each well in reservoir A is 1.5 MM$.
= The cost of each well in reservoir A is 1 MM$.

* The price of oil is 25 $/stb.

= The price of gas is 2000 $/MMsc.

The target is optimizing economically the systegithin 10 years of production life.

5.2 Process Simulation Modeling

5.2.1 Methodology

As was explained previously in Chapter II, the lesscSimulation Modeling is a
common tool used to optimize and predict the perforce of a hydrocarbons field.
Process Simulation Modeling is divided into threaimsections: the reservoir modeling,

well modeling and the network system.

The basic theory related these models were disdussough Chapter Il and the
methodology that was used to reach some meaningfotlusions about the best

optimization alternative, using the current simiglattechnology, is stated below.
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First, a scheme of the tentative production systevill be sketched by GAP.
Second, a reservoir model will be built using MBAILhen, PROSPER will be the tool
used to develop the well modeling. Finishing theFGAodel will be the next step in the
process simulation. After that, a forecasting @f slystem will be performed for 10 years
of production life. Finally, an economic analysidlwe achieved to decide the most

feasible production option.
5.2.2 Reservoir Modeling (MBAL)

To predict the behavior of the hydrocarbons fltmotigh the porous media, the
classical Material Balance Equation is used asralyfical tool. The general options

selected to perform the reservoir model are shawthe following:

System Options:

= Reservoir FluidOil.

= Tank Model: Single Tank.

= PVT Model: Simple PVT.

* Production History: By Tank.

Fluid Properties:
= Formation GOR: 680 sfc/STB
= Qil gravity: 39 API
= Gas gravity: 0.67 sp. gravity
=  Water salinity: 200000 ppm
= Mole percent HS, CQ and N: 0 percent

= Separator: Single State
= Correlation for Pb, Rs, Bo: Vazquez-Beggs
= Correlation for oil viscosity: Beal et al
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The PVT correlations are found after matching thetadto get the most
approximate solution, as are showed in Eigures 5.2and 5.3. One correlation for
Bubble point (Pb), Gas Oil Ratio (GOR or Rs) andnfation Volume Factor (FVF or
Bo) is selected, while other correlation is cholerviscosity.

0il - Black 0il: Correlations - il
VDone xgancel ? Help @ Reset );f.\ Flat

Fb.RsBo | UolgBg

Bubble Point Glaza Standing Lazater ‘Yazquez-Beggs Petrazky Al-tarhoun
Parameter 1 ([HIERS g 1.13068 119614 1.02153 1.02524 0973897
Parameter 2 [313.989 405,566 551.491 82471 94.0748 -81.9944

Std Dev. 78216511 1.01409e-10 1.37788e-10 2.00089e-11 23192111 2.04636e-11

Salution GOR Glaza Standing Lazater ‘Yazquez-Beggs Petrazky Al-tarhoun
Parameter 1 [0 882784 0859736 0as 0971315 1.09333 1.05983
Parameter 2 |-74. 2828 -91.669 133,996 158121 111,436 -0.489041

StdDev. 7.7EB0%-11 9.565606e-11 1.41538e-10 1.54582e-11 3.20532e-10 0.0018109

0il PYF Glaso Standing Lazater Yazquez-Beggs Petrozky Al-arhoun

Parareter 1

Parameter 3

1
Parameter 2 |0
1
0

ofl = =) =
ofl 2 =) —

1
0
1
0

ofl = =) =
ofl 2 =) —

Parameter 4

Std Dev.

Figure 5.2  Correlation result after matching for Pb, Rs amd B

A list of match parameters for all the PVT proptfor each correlation is
reported in these tables. The formation volumeofashows additional parameters,
which indicate that Bo has independent behavioowethe bubble point, using
parameters 1 & 2. Parameters 3 & 4 are employedatich data above the bubble point.
In general, the parameter that has a value closgérépresents the best correlation. The
standard deviation is displayed to shows how wedl matching process converges. If
the standard deviation is high, the matching issuitable.



81

For our Case Study, the best overall fit for P@QR5and FVF was obtained by
Vazquez-Beggs correlation, while that Beal et & fiest for the oil viscosity. The

matched data is plotted and shown inFfigure 5.4.

/Done annc:eI ? Help @ Reset F'Iot
PbRsBo | UolgBg

Oil Wizcosity Beal et al Beoas et al Petrosky et al Egbogah et al
Parameter 1 1 1
Parameter 2 |D 1] 1] 1]

Std Devw.

Gas FvF

Parameter 1 [1

Parameter 2 |0
Std Devw.

Gas Yizcosity

Parameter 1|1

Parameter 2 |0
Std Dev.

Figure 5.3  Correlation result after matching for viscosities

Gas 0il Ratio
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550 /

500

3000 3500 4000 4500 5000

Pressure {psiq)
Options Summary PYT Input Data
Fluid:0il Form. GOR: 680.000 (scf/STB)
Method: Black 0il 0il Grav: 3%.000 (API)

eparator: §ingle-Stage Gas Grav: 0.670 {sp. gravity)

Figure 5.4  The matched data
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Tank Parameters:
= Tank Type: Oil
= Temperature: 250 F

= Initial Pressure: 9800 psig

» Porosity: 0.245

= Connate water saturation: 0.15

= Original Oil in Place: 650 MMSTB
= Start production: 01/01/2008

5.2.3 Well Model (Prosper)

Well modeling is an essential tool in productiomjieeering that has as principal
objective to maximize the production in an econaihc feasible way. The well

modeling is performed following these options asguenptions:

System Summary

Fluid Description:
»  Fluid: Oil and Water.
= Method: Black Oil.
= Separator: Single-Stage.
= Viscosity Model: Newtonian Fluid.

Well Description:
= Flow Type: Tubing Flow.
=  Well Type: Offshore Producer.
=  Well completion type: Cased Hole.

PVT Input Data
= Solution GOR: 680 sfc/STB
= Qil gravity: 39 API
= Gas gravity: 0.67 sp. gravity
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=  Water salinity: 200000 ppm
= Mole percent S, CQ and N: 0 percent
= Correlation for Pb, Rs, Bo: Vazquez-Beggs

= Correlation for oil viscosity: Beal et al

The PVT correlations are found after matching tlaad following the same
procedure that was explained in the previous se¢toPVT parameters in the reservoir
modeling (MBAL). Figure 5.5 shows that the best correlation for Pb, GOR and FVF

was obtained by Vazquez-Beggs correlation, whibkg Beal et al fits best for the oil

viscosity.

P¥T - Correlation Parameters (Well1l J.Out) (0Oil - Black Oil matched)

Done | Cancel | td ain | Expart | Report | Reset Al | Help |
—Eubble Paint
Glazo | Standing | Lazater | Wazguez-Beqgz | Petrozky et &l | Al-b arkboun |
Parameter 1 | | 1.09576 [ 113102 [ 119673 | 1.02204 | 1.0253 | 0.97326
Parameter 2 | | 313,241 404514 549 851 82 3091 938896 -81.8425
Std deviation |
Reset Reset | Reset Reset | Reset Reset |
T Solution GOR
Glazo | Standing | Lazater | Wazguez-Beqgz | Petrozky et &l | Al-b arkboun |
Parameter 1 | | 0.80514 | 076275 | 07949 | 095226 [ 117523 | 1.06023
Parameter 2 | | -7.96078 | 451575 | -0.31999 | 1.48717 | 11934 | -0.75287
Std deviation | | 0.07178 | | 431585 | | 07071 | 0070234
Feset Reset | Feset Reset | Fieset Feset
—0il F¥F
Glazo | Standing | Lasater | Wazquez-Beaas | Petrozky et al | Al arhioun |
Parameter 1 | | 099755 [1 [1 [1 | 099214 [
Parameter 2 | | -0.0024585 [0 [0 [0 | 00063577 | o
Parameter 2 | | 1 [1 [ [1 [1 [ 1
FParameter 4 | | 1e-8 0 0 0 1e-8 i}
Std deviation | | 0.057748 0064557
Reset Reset | Reset Reset | Reset Reset
0il Viscoszity
Beal et al Beaas et al Petrazky et al | Eaqbogah et ‘ﬂ
Parameter 1 | | 1.00114 084964 [ 084333 053321
Parameter 2 | | 0.0044582 | -0.086007 | -no3128 | -n.gE2eR
Std deviation | | | | | 0.0018539
Reset Reset | Reset Reset

Figure 5.5 Correlations for PVT matched data
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Equipment Data

= Deviation survive: Vertical Tubing (11,000 feet)

Dowhole Eqguipment:

Tubing
= Measured depth: 10,750 feet.
= Tubing inside diameter: 3.96 inches

= Tubing inside roughness: 0.0006 inches.

Casing
= Measured depth: 11,000 feet.
= Tubing inside diameter: 6.00 inches

= Tubing inside roughness: 0.0006 inches.

Geothermal Gradient:
= Qverall Heat Transfer Coefficient: 8.00 BTU/A/R

Average Heat Capacities:
= Cp Oil: 0.53 BTU/Ib/F
= Cp Gas: 0.51 BTU/Ib/F
= Cp Water: 1 BTU/Ib/F

Inflow Performance

One of the principal parameters to be modeledenatbll simulation is
Inflow Performance Relationship (IPR), in which §per have several options

that are available for the well simulation.
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For the case study, the model selected was D&Rybecause this model is used
for drainage areas usually bigger than 500 acrb&hais the case of the problem stated.
Furthermore, Darcy IPR have some advantages comhpai@hers method, such as take
into account the skin and Dietz shape factor.

The skin factor was calculated by Karakas & Tariqdel, which gives good
results, but requires more input dafagure 5.6 shows the IPR input screen and the
selected methods to perform the analysis.

Inflow Performance Relation (IPR) - Select Model
Done I Walidate | Calculate | Feport

|
Cancel | Feset | Plat | Export | Save Results |
|

w Test Data | Sensitivity GAP |

Transfer Data |

Select Model

—Model and Global Variable Selection

Fiezervoir Model Mechanical / Geometrical Skin ‘ Dieviation and Partial Penetration Skin

Fl Entry Enter Skin By Hand Cinco / Martin-Bronz
Waogel

Comiosite

Fetkovich

‘wong-Clifford
Cinco [2] £ Martin-Bronz

Multif ate Fetkovich

Jones

MultiR ate Jones

Transient

Hydraulically Fractured 'well

Huorizontal ‘ell - Mo Flow Boundaries

Horizontal Well - Constant Pressure Upper Boundary
bultiLaver Reseroir

External Entry Reservoir Pressune |SBUU psig
Harizontal Wwell - dP Friction Loss InwelBore p

MulkL aper - dP Loss In‘welBare Fiezervoir Temperature |250 deq F
Skindide [ELF] wiater Cut |U percent
baalloosiy Totsl GOR [[680 scSTB

Horizontal Well - Transverse Wertical Fractures - = -
Compaction Permeability Reduction Model || Mo

FRielative Permeability ||Mo

Figure 5.6  IPR input screen
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The following data is needed to achieve the Danéipw Performance model:

Reservoir Model

» Reservoir Permeability: 400 md

= Reservoir Thickness: 200 feet

= Drainage area: 500 acres

= Dietz Shape Factor: 30.9972 (Calculated by softyvare
= Wellbore Radius: 0.354

Mechanical Geometrical Skin

» Reservoir Permeability: 400 md

= Shot density: 12 1/feet

= Perforation diameter: 0.5 inches

= Perforation length: 16 inches

= Perforation efficiency: 1

= Damage zone thickness: 8 inches

= Damage zone permeability: 200 md
= Crushed zone thickness: 0.2 inches
= Damage zone permeability: 100 md
= Shot Phasing: 120 degrees

= Wellbore radius: 0.354 inches

= Vertical permeability: 40 md

Figure 5.7 shows the Inflow Performance Relationship cal@daby Darcy model

above the bubble point and Vogel solution belowithieble point.
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I IPR plot Darcy (W-1 05/07/08 19:36:50) | «

12000)

AOF: 1071660 (STE/day)!
Formation PI:  122.33 (STE/dayipsi)
SKIN:  -0.64747 :

anni

(]

Pressure (psig)

3000y

1} 300000 £00000 800000 1.2e6

Figure 5.7 Inflow Performance Relationship - Darcy

The IPR obtained for the wells in the reservoshwn an absolute open flow
(AOF) production of 1'071,660 STB/day and a prodtutindex of 122.33 STB/day/psi
and we can reach the conclusion that our wellimswated due to the skin result that

present a value of -0.65.

The same procedure is followed for the wells maservoir B, in which the
results were: 37,800.7 STB/day for the AOF produgtproduction index of 11.10
STB/day/psi and skin of -0.65.

For the well simulation, the topside effects araally included with the tubing
performance calculations. Using this computer satioh model a large number of
Inflow Performance Relationships (IPR) and Vertit#t Performance (VLP) can be
generated by variation in some parameters.Higares 5.8and5.9 show the inflow and
outflow performance for the wells in reservoir Ada respectively. Five nodes for First
Node Pressure and Total GOR were created.



SYSTEM Plot (H:\My Documents\PROJECT 1 - Sat 17 NoviWell1 J.Out)

Finish Main Annctate Scales Labels Replot Output Colours Options Variables TestData Help

88

10000)..

Pressure (psig)

5000

| Inflow (IPR) v Qutflow (VLP) Curves (W-1 11/20/07 20:23:33)

[ ] 20000 ariables

1:First Mode Pressure (psig)

2 Total GOR (sci/STE)
T 7

T0.00 T00.00
2457 50 32500
490500 550,00
7352 50 775 00
15000 9500.00 1000.00

40000

Liquid Rate (STBAday)

PYT Method Black Ol
Fluid Ol

Flow Type Tubing

Well Type Producer
Artificial Lit Mone

Lift Type

Predicting Pressure and Temperature (on lanc)
Termnperature Model Raough Appraximation
Company TAMU

nalvat Karla R

Wiater Cut 0 {percent)
Bnttor Measured Depth 11000 1 (feet)
Battorn True Vertical Depth 11000.0 (feet)

Surface Equipment Carrelation Petroleum Experts 4
“ertical Lift Correlation Petroleum Experts 2

Solution Mode Bottom Mode
Left-Hand Intersection DisAllow

Fel Relative Permaanility Mo
Formation Bl 128.21 (STEiday/psi)
Lma\;‘feﬂ \%?'W‘Ege Station Absolute Cpen Flow (ADF) 1071660 (STE/day)

Inflow Type Single Branch
Completion Cased Hole
Gravel Pack Mo

(Gas Coning Mo

Reservoir Model Darcy

W& Skin Model Karakas+Tarig
DE&PP Skin Model Cinca / Martin-Bronz

Reservoir Pressure 9800.00 (psig)

RESETOm T T aTe 2 T e 1

Astart] | & [ | G H:\Wy Documents'.,

5 GaP v7 1 - IPM e, . ‘EPrUSpEHO.W - Lice... ‘ESVST[MDID( (H:\M... ] Petroleum Project -... 2 |4B0[ s2apm

Figure 5.8 Inflow Performance Relationships (IPR) vs. Vertticidt Performance

(VLP) for wells in Reservoir A
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Inflow Performance Relationship (IPR) vs. Vertit#t Performance

(VLP) for wells in Reservoir B
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5.2.4 Network System (GAP)

A hydrocarbon production system comprises of atstleene underground
reservoir where several wells have been drillechfamoning a fixed topology network.
Flowlines from individual wells are interconnectitdlough a manifold for commingling
of fluids from several wells in a single pipelineansporting the gas or oil to a sale
location. The process simulation consists of calndy the total hydrocarbon production

for the given production system.

The network system was developed by GAP that cdaribe reservoir and well
modeling with the surfaces facilities. GAP perforthe optimization of the system,

calculating the maximum cumulative hydrocarbon piacitbn for a stated period.

5.2.4.1Building the GAP Network

The simplest model was built to start the analySise well was drilled into each
reservoir, A and B to predict the reservoir and Iweéhavior. The wells are
interconnected through pipes and manifolds to praristhe oil/gas to a separation
station and then to a sale location. Once the fb@vavior is known, we probed more
production alternatives, drilling more wells in Baeservoir, depending of the reservoir

pressure tendency and the production index pretlicte

In this work, a very careful analysis of 30 configiions of hydrocarbon
production systems was carry out in order to sdlextbest optimization alternative. We
found that the best solution was to produce witw&ll in each reservoir. In thEable

5.2 a list of production configuration to optimizesthydrocarbon production is given.



Table 5.2 Production Configuration

Option 1 1 well reservoir A and 0 well reservoir B
Option 2 2 well reservoir A and 0 well reservoir B
Option 3 3 wells in reservoir A and 0 in reservoir B
Option 4 4 wells in reservoir A and 0 in reservoir B
Option 5 0 wells in reservoir A and 1 in reservoir B
Option 6 0 wells in reservoir A and 2 in reservoir B
Option 7 0 wells in reservoir A and 3 in reservoir B
Option 8 0 wells in reservoir A and 4 in reservoir B
Option 9 1 wells in reservoir A and 1 in reservoir B
Option 10 1 wells in reservoir A and 2 in reservoir B
Option 11 1 wells in reservoir A and 3 in reservoir B
Option 12 1 wells in reservoir A and 4 in reservoir B
Option 13 2 wells in reservoir A and 1 in reservoir B
Option 14 2 wells in reservoir A and 2 in reservoir B
Option 15 2 wells in reservoir A and 3 in reservoir B
Option 16 2 wells in reservoir A and 4 in reservoir B
Option 17 3 wells in reservoir A and 1 in reservoir B
Option 18 3 wells in reservoir A and 2 in reservoir B
Option 19 3 wells in reservoir A and 3 in reservoir B
Option 20 3 wells in reservoir A and 4 in reservoir B
Option 21 4 wells in reservoir A and 1 in reservoir B
Option 22 4 wells in reservoir A and 2 in reservoir B
Option 23 4 wells in reservoir A and 3 in reservoir B
Option 24 4 wells in reservoir A and 4 in reservoir B
Option 25 6 wells in reservoir A and 4 in reservoir B
Option 26 10 wells in reservoir A and 10 in reservoir B
Option 27 10 wells in reservoir A and O in reservoir B
Option 28 0 wells in reservoir A and 10 in reservoir B
Option 29 | 10 wells in reservoir A and 8 in reservoir B schHedu

Option 30

10 wells in reservoir A and 10 in reservoir B saled

91
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5.2.4.2 Gathering System (Pipelines and Manifolds)
All the connection pipelines and manifolds areiedrout using Beggs and Brill

correlation. The input data as following:

Pipeline 1
= Length: 15 km
= Inside diameter: 24 inches
= Roughness: 0.0006

Pipeline 2
= Length: 1 km
= Inside diameter: 24 inches
= Roughness: 0.0006

Pipeline 3
= Length: 25 km
* Inside diameter: 36 inches
* Roughness: 0.0006

Separator constrain

= Pressure: 200 psig.

5.2.5 Results

After a detail analysis the best option to optenihe system within 10 years of
production life is to drill 10 wells in the reseiv@ and another 10 wells in reservoir B,
performing an production schedule, which allowsaislose the well when the pressure
decreases until reaching some point where is raanuically feasible to produce. After
the well is shutdown, the pressure at the wellbomreases and the well becomes
available to produce, extending the well life-time.
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The production schedules for reservoir A and Bexgressed ifables 5.3and
5.4, respectively. The optimization model scheme twad inFigure 5.1Q getting a
cumulative oil production of 186.798 MMSTB and cuative gas production of
117,258 MMscf, reaching recovery factors of 18.14o%wil and 34.85 % for gas. These
results and its details are shown Table 5.5. Finally, a forecast of the reservoirs

behavior for oil production in a period of ten y&4t/1/2008 to 1/1/2018) is plotted in
Figure 5.11.

F¥ GAP v7.1 - IPM v6.10 - GAP 17 NOv.gap con Juan File version 2 scheduled for sep without constrains.gap - [Production System View]

FiIE Options  Yiew Edt Constraints Generate Model Validation Solve Network Prediction Resuts Reports Window  Units  Help o 5&
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Figure 5.10 Optimization scheme for 10 well in reservoir A ar@@lin reservoir B —
scheduled
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Table 5.3  Schedule for Wells in Reservoir A

Date Event Type
1/1/2008 Start Well
1/1/2009 Stop Well
1/1/2010 Start Well
1/1/2011 Stop Well
1/1/2012 Start Well
1/1/2013 Stop Well
1/1/2014 Start Well
1/1/2015 Stop Well
1/1/2016 Start Well
1/1/2017 Stop Well

Table 5.4 Schedule for WlIs in Reservoir B

Date Event Type
1/1/2009 Start Well
1/1/2010 Stop Well
1/1/2011 Start Well
1/1/2012 Stop Well
1/1/2013 Start Well
1/1/2014 Stop Well
1/1/2015 Start Well
1/1/2016 Stop Well
1/1/2017 Start Well
1/1/2018 Stop Well

Table 5.5 Cumulative Production, Recovery Factor ath Properties After 10

Years
Cumulative Cumulative Cumulative Ol Gas
Oil Water Gas Recovery  Recovery Oil Gas gravity
Production Production Production Factor Factor gravity (sp.

(MMSTB) (MMSTB) (MMscf) (percent)  (percent) (API) gravity)
186.798 0 117258.6 18.14 34.85 32 0.62
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5.2.6 Economic Analysis

To calculate the revenues for 30 options previpssldied the following

analysis was performed:

Assumptions
= The money remains constant through the time.

= There is enough market to sell the maximum produadf hydrocarbons.
= Taxes are not included in the calculations.

= Prices of separation equipment are not included.

Cost to produce oill Cost to produce gas
($/stb) 5 ($/MMscf) 300
Well in Res-1 $1,500,000.00 Oil Price($) 25
Well in Res-2 $1,000,000.00 Gas Price($) 2000

Total Well Cost ($) | $2,500,000.0¢

Note: The oil/gas price data correspond to the 2682, because the only data
available related to the production and drillingtcavas based on 2002 year. However,
the current price of oil/gas is not going to affear final results. Since, the increase in

the petroleum prices favors our revenues.

The results showed that the option™3®vhich corresponds to the scheduled
production of 10 wells in Reservoir A and 10 weils Reservoir B is the best
optimization option.Table 5.6 shows the economic analysis developed for the 30
options of hydrocarbon production systems; the hms#timization alternative was
highlighted.



Table 5.6

Economic Spreadsheet

(SFI'):?[ /3:;?) (MEZZZ??) Coz’tilt?$[/JSr?gj)uce %(;‘Zt (t;”&r&dst%e CH(:: (tgllr\)/lr&dsi?)e Total Costs ($) | Total Oil Price ($)| Total Gas Price) | Total Hcs Price ($) Revenue

OPTION 1 39812000.00 27071.92 199060000.d0 8121576.90 20718167p. 208681576.00 995300000.00 54143840.04 1049443840L00840,%62,264.00

OPTION 2 46624000.00 31582.99 233120000.40 9474896.140 24259A89p. 245594896.70 1165600000.0 63165978.0( 1228765978.086983,171,081.30

OPTION 3 51041000.00 35116.48 255205000.40 10534943110 265739943 270239943.10 1276025000.0 70232954.0( 1346257954.061,076,018,010.9p
OPTION 4 55895000.00 38009.43 279475000.40 11402829.p0 29087B2P 296877829.90 1397375000.0 76018866.0( 1473393B66.061,176,516,036.1p
OPTION 5 20630000.00 32396.52 103150000.d0 9718957.40 11286895)7. 113868957.20 515750000.00 64793048.00 580543048.p0 66,624,090.80

OPTION 6 21703000.00 29873.76 108515000.d0 8962127.40 1174702). 119477127.40 542575000.00 59747516.04 602322516.00 82,845,388.60

OPTION 7 24185000.00 41227.50 120925000.d0 12368248.50 13329248 136293248.50 604625000.00 82454990.0( 687079990.00 550,%86,741.50

OPTION 8 26689000.00 39274.60 133445000.4do0 11782380.B0 145223B80 149227380.30 667225000.00 78549202.0( 74577420200 596,%16,821.70

OPTION 9 60437000.00 59456.62 302185000.40 17836984.p0 3200808 322521984.50 1510925000.0 118913230.0p 1629838230. $1,307,316,245.5p
OPTION 10 61500000.00 56892.73 307500000.40 17067817.p0 32456B1f7 328067817.50 1537500000.0 113785450.0p 16512882450. $1,323,217,632.5p
OPTION 11 63964000.00 68157.14 319820000.40 204471410 3402641 344767141.70 1599100000.0 136314278.0p 17354112794. $1,390,647,136.3p
OPTION 12 66423000.00 66049.74 332115000.40 19814922.50 3519292p 357429922.60 1660575000.0 132099484.0p 17926712184. $1,435,244,561.4p
OPTION 13 67243000.00 63956.67 336215000.40 19187000.f0 355402D0P 359402000.70 1681075000.0 127913338.0p 1808988339. $1,449,586,337.3p
OPTION 14 68299000.00 61369.85 341495000.40 18410956.p0 359908956 364905956.20 1707475000.0 122739708.0p 1830211709. $1,465,308,751.8p
OPTION 15 70749000.00 72592.50 353745000.40 21777750.p0 37552”¥50 381522750.00 1768725000.0 145185000.0p 191391@m0(. $1,532,387,250.0p
OPTION 16 73135000.00 70345.29 365675000.40 21103586.JL0 386778586 393778586.10 1828375000.0 140690574.0p 1969068574. $1,575,286,987.9p
OPTION 17 71652000.00 67469.53 358260000.40 20240859.p0 3785(MB5P 384000859.90 1791300000.0f 134939066.0p 1926233064. $1,542,238,206.1p
OPTION 18 72663000.00 64747.08 363315000.40 19424124.50 38273324 389239124.60 1816575000.0 129494164.0p 1946069164. $1,556,830,039.4p
OPTION 19 75118000.00 75981.25 375590000.40 22794375.p0 3983@B7H 405884375.90 1877950000.0 151962506.0p 2029910%0€. $1,624,028,130.1p
OPTION 20 77476000.00 73784.53 387380000.40 22135357.B0 40951FB5)7 418015357.80 1936900000.0 147569052.0p 2084463057. $1,666,453,694.2p
OPTION 21 76463000.00 70296.01 382315000.40 21088803.p0 40340E8B0B 410403803.00 1911575000.0 140592020.0p 205216102(. $1,641,763,217.0p
OPTION 22 77440000.00 67515.68 387200000.40 20254703.40 407458Y0B 415454703.40 1936000000.0f 135031356.0p 20710313B5€. $1,655,576,652.6p
OPTION 23 79874000.00 78730.52 399370000.40 23619154.p0 42298154 431989154.50 1996850000.0 157461030.0p 2154310m3(. $1,722,321,875.5p
OPTION 24 82185000.00 76486.14 410925000.40 22945841.40 4338A41B4{L 443870841.40 2054625000.0 152972276.0p 220759127€. $1,763,726,434.6p
OPTION 25 109645000.00 94848.43 548225000.90 28454528 40 576841b2 589679528.40 2741125000.0 189696856.00 2930824B56 $2,341,142,327.6p
OPTION 26 182380000.00 114972.75 911900000.¢0 3449182440 9433948 971391824.40 4559500000.0 229945496.40 4789684549 | $3,818,053,671.6
OPTION 27 137978000.00 93824.47 689890000.90 2814734190 71803(B4 733037341.90 3449450000.0 187648946.00 3637098944 $2,904,061,604.1p
OPTION 28 48955000.00 23498.29 244775000.40 7049486.40 251824218p. 261824486.40 1223875000.0 46996576.0( 1270871576.0§1,009,047,089.6!

OPTION 29 160238000.00 111468.56 801190000.¢0 33440567]70 8368305 859630567.70] 4005950000.0 222937118.40 422888111 | $3,369,256,550.3D
OPTION 30 186798000.00 117258.56 933990000.¢0 35177567J70 96816/ 994167567.70 4669950000.0 234517118.40 49048611 1 $3,910,299,550.31)

©
~
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From the optimization analysis we can conclude ancecommend:

The analysis showed that the best option to opérthe system within 10 years
of production life are the option 80 which correspond to the scheduled
production of 10 wells in Reservoir A and 10 weils Reservoir B. The
production is not sustained within 10 years of picitvity life. However, based
in the assumption that we made: “market is avalafdr the maximum
production”, the options 3is the one that give us maximum revenues.

The best optimization option gives us profit of xiroately 4 billons dollars over
10 years of hydrocarbon system life.

The function schedule (GAP) allows shutting dowa wells in order to recover
its pressure, keeping the production for more time.

Artificial lift techniques, such as, gas lift andmp systems can be incorporated
into the simulation program. In this case, we picEdl a significant amount of

gas. Therefore gas lift technique is the most blataption.

This thesis comprises two main parts: the prosessilation modeling and the

availability analysis. Until this point, the prosesimulation modeling has been

concluded with the economic evaluation in orderctemose the best optimization

solution.

The process simulation modeling includes: the xesermodeling, well

modeling and the network system modeling, whichgoig to enable to perform the

first production forecast without includes any dafaility concepts.

Then, an availability model was created by Montiecsimulation methodology,

which involves the modeling of the probabilitiesfailure, the type of failure, the time

to repair associated with each failure, and timeaaiurrence for a field system.
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The availability model predicts the equipment ddwmet through production
period as a function of the failure rate. The domet is included in the process
modeling in order to get the new production foréogsin an effective work time,
reducing significantly the uncertainties due to dgipment failure on a multi-period

planning of oil/gas production system.

The result of this analysis is a hydrocarbon potida distribution, which is
going to be used to accomplish a more certain mtimu planning, having beneficial

use in financial risk decision$he Figure 5.12schematizes the methodology employed.

PROCESS SIMULATION MODELING

7

[ Reservoir Model ] Well Model ]

\,

PRODUCTION AVAILABILITY
PREDICTION <:| MODEL

Production Distribution

PRODUCTION
PREDICTION

Figure 5.12  Methodology scheme
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5.3  Availability Analysis

The availability software was running fifty timeis order to reduce the
uncertainty in the results. A total of one hundngéake failures from the principal subsea

components were taking in account into the analysis

5.3.1 Availability Model Results

The results that the software obtains predictdbentime for each one of the
wells in the reservoir A and B, as well as, theogxtane when the failure occurs (See
appendix). However, for simplification purposes, assume that all the failures reported
in the 10 wells on the reservoir A are identical.the same manner, it was assumed that
the 10 wells on the reservoir B have the same daventThe average results are shown
in Table 5.7

Table 5.7 Average Downtime for 10 WlIs in Reservoirs A and B

DOWNTIME (%) DOWNTIME (%)
RUN | RESERVOIRA | RESERVOIR B RUN | RESERVOIRA | RESERVOIR B
1 7.37 6.83 26 6.89 6.65
2 7.07 6.62 27 6.42 6.85
3 8.43 6.12 28 6.85 7.30
4 6.44 7.48 29 7.06 7.40
5 6.24 6.19 30 7.58 6.48
6 6.30 6.27 31 7.47 7.39
7 7.77 6.64 32 7.17 6.81
8 6.56 7.10 33 6.06 6.73
9 6.25 7.30 34 7.34 6.98
10 7.64 6.69 35 7.59 5.97
11 7.39 6.56 36 7.80 6.40
12 6.99 7.48 37 6.83 7.79
13 7.34 6.63 38 7.73 6.46
14 7.43 7.44 39 7.58 6.94
15 6.79 6.47 40 6.84 6.80
16 6.41 7.03 a1 8.06 6.34
17 6.99 7.17 42 6.80 7.39
18 7.38 6.95 43 6.45 6.32
19 7.39 7.84 44 7.14 8.44
20 6.69 6.70 45 6.57 7.03
21 5.79 7.00 46 7.23 6.85
22 7.39 6.81 47 7.10 7.17
23 6.86 7.89 48 7.23 7.17
24 6.92 6.60 49 7.52 6.33
25 717 7.05 50 7.80 7.30




101

5.3.2 Production Results

After the availability analysis was developed, ean include the downtime into
the hydrocarbon process simulation modeling totgetnew production values in an
effective work timeTables 5.8show the cumulative production that was obtaineeraf
including the availability model. The mean cumuwlatproduction is 173.654 millions of
standard barrels (MMSTB) of oil with a standard idgen of 0.734 MMSTB.

Table 5.8 Cumulative Production

CUMULATIVE PRODUCTION CUMULATIVE PRODUCTION

RUN OIL (MMSTB) GAS (MMscf) RUN OIL (MMSTB) GAS (MMscf)
1 173.30 108743.33 27 174.60 109629.98
2 173.81 109074.02 28 173.78 109121.08
3 172.18 107915.17 29 173.45 108900.62
4 174.26 109463.58 30 173.18 108628.32
5 175.17 109953.53 31 172.88 108518.28
6 175.05 109878.49 32 173.58 108935.67
7 172.84 108412.56 33 175.15 109995.87
8 174.28 109440.04 34 173.41 108738.45
9 174.61 109684.03 35 172.91 108440.65
10 172.99 108522.81 36 173.57 109025.02
11 173.40 108787.84 37 173.57 109025.02
12 173.50 108947.55 38 172.98 108492.27
13 173.43 108818.35 39 172.95 108520.52
14 172.92 108544.09 40 174.04 109247.63
15 174.27 109371.88 41 172.58 108210.77
16 174.52 109597.18 42 173.81 109146.90
17 173.65 109020.19 43 174.81 109726.03
18 173.22 108705.83 44 172.83 108581.84
19 172.78 108487.89 45 174.30 109447.06
20 174.30 109411.81 46 173.48 108870.00
21 175.39 110185.93 47 173.50 108916.98
22 173.28 108729.26 48 173.32 108795.01
23 173.48 108973.44 49 173.33 108719.77
24 174.03 109219.44 50 172.52 108252.48
25 173.46 108879.43 Mean 173.65 108997.80
26 174.05 109235.87 Std 0.73
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These production values are used to find out tbstiprobable range to produce

oil. Table 5.9andFigure 5.13are the results from the oil production distribuati which

shown the trend and the risk areas on the produbti@cast.

Table 5.9

Oil Production Distribution

Oil Production

Number

Cases (%)l

(MMSTB) of cases
172-172.5 1 2
172.5-173 11 22
173 -173.5 13 26
173.5-174 9 18
174 - 174.5 8 16
174.5 -175 4 8
175-175.5 4 8
50 100

)

ISK AVERSE

OIL PRODUCTION DISTRIBUTION

RISK SEEKING

Production
@m172-172.5 Wm1725-173 [0O173-1735 [O1735-174
W174-1745 [@1745-175 W175-1755

Figure 5.13 Distribution of oil production
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

A dynamic availability program was performed swssfelly for a general case
study of a hydrocarbon production system. The abdity software can run for different
configurations and scenarios, without the necessitgerforming a tedious Fault Tree
Analysis (FTA).

The availability model built reduces significantlye equipment uncertainties in
the proposed system, predicting the probabilitgystem failure through its lifetime. As
well as, the type of failure, the time to repaidaime of occurrence associated with
each failure. Thus, this efficient approach wilvbabeneficial use in making financial

risk decisions.

| would like to clarify that the current analysigly takes in account the subsea
equipment availability. However, there are othewurses of uncertainty, such as,
geological and financial uncertainties, which h&wée included in order to perform an
integral analysis. According with previous workse tgeological uncertainties vary from
6% to 20 % '*® depending of the field case study. For instafarenew developments

fields the uncertainty is higher than for the @rigtproducing fields.

The case study on the planning of the oil/gas petidn systems proves that the
proposed procedures have a significant effect énptfoduction forecast. The integration
of the availability concepts into the current prexesimulation technology of
hydrocarbons field production is an effective solutto perform accurate production
predictions. Therefore, it is highly recommend gpm this approach in the real life

cases to avoid very worrisome, but commons problemngsnated because of the lack of
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tools to measure the uncertainties in associategewnts. Using this simple but very
useful availability approach, we can avoid hugaficial losses due to wrong production

hydrocarbon predictions.

From the work presented in this study we can ealethat:

= The availability model allows us to reduce effeeljvthe uncertainties related to
the equipment failure in the production predictidh.was found that the
cumulative downtime for equipment subsea was ar@3adThis result is similar
to the total average downtime assumed in the fi&igpetroleum experts, which
is in a range of 10 to 30 percent for oil fieldd&mm 5 to 10 percent for gas
fields.

= The simulation modeling without taking in accouhi tavailability analysis
showed that the best option to optimize the systes to drill 10 wells in each
reservoir: A and B. The cumulative production wasmto 186 MMSTB with a
profit of proximately 4 billon dollars within 10 ges of production life.

= |t was proved that shutting down the wells; when ptessure decreases until
some point which is unfeasibly to produce, allowtasrecover the reservoir
pressure. As a result, the oil production incresase productivity life is kept for a
longer time.

= The new production results including the availapistudy show that the most
probable range for the production forecast is 143.974.5 MMSTB, which
differs significantly from the first result, whetlee availability was excluded.

= The production distribution presented a normaldrand will have a beneficial
use in financial risk decisions, at different leszel

= The results obtained for the petroleum forecastrr dfte availability analysis give
us a degree of flexibility. Thus, the range in @ireduction prediction that we
plan to offer in the supply contract is going tpded on the manager behavior.

For instance, a risk seeking person could plarrddyce 175.5 MMSTB. On the
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other hand, a risk averse individual could predicproduction of only 172
MMSTB.

Future Work Recommended

Expand the availability analysis to downstream pmént. Since that this
analysis is only applicable to the subsea equipmeanan offshore production
field.

The availability program could has an automatedhoedlogy using the open
sever option into Petroleum Experts software. Tésults of the availability
analysis can be used as input, using visual basigramming to automate the
simulation, in stead of run multiple simulationsmaally.

Use this approach to perform uncertainties anaigpsigher related areas, such as
geological and financial disciplines.

This technique also can be used for another kinddistries, if enough data is
available to do the respective study.

Perform a second approach of this research, whesedbwntime will be
considered in the exact time when the failure oc&clihis approach is going to
give more precision on the results.

As it already probed that the unavailability hasignificant importance in the
performance of a system. Therefore, develop a maigbility program to
improve the availability of the hydrocarbons systeitt be an accomplishment

for the overall project.
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APPENDIX

The program predict the type of failure, time o€orrence and time to repair for
the 10 wells in reservoir A and 10 wells in res@érBrespectively. However, we show

only one well (well 1) because of the huge amodmiudput data.

RUN 1 en hours

Well 1:

Fails 2 in day 1932 during 2 days.

Fails 2 in day 3127 during 2 days.

Fails 6 in day 3424 during 7 days.

Fails 7 in day 2353 during 7 days.

Fails 16 in day 1642 during 2 days.
Fails 19 in day 557 during 2 days.

Fails 22 in day 3467 during 36 days.
Fails 23 in day 1508 during 29 days.
Fails 23 in day 3448 during 29 days.
Fails 24 in day 2951 during 29 days.
Fails 25 in day 1345 during 76 days.
Fails 25 in day 1917 during 76 days.
Fails 25 in day 3051 during 76 days.
Fails 25 in day 3339 during 76 days.
Fails 26 in day 1005 during 76 days.
Fails 26 in day 3610 during 76 days.
Fails 27 in day 1803 during 76 days.
Fails 27 in day 3048 during 76 days.
Fails 27 in day 3162 during 76 days.
Fails 27 in day 3385 during 76 days.



Fails 27 in day 3596 during 76 days.

Fails 28 in day 377 during 76 days.

Fails 28 in day 1029 during 76 days.
Fails 28 in day 1678 during 76 days.
Fails 28 in day 2349 during 76 days.
Fails 28 in day 3415 during 76 days.
Fails 29 in day 2274 during 76 days.
Fails 29 in day 2889 during 76 days.
Fails 29 in day 3044 during 76 days.
Fails 29 in day 3189 during 76 days.
Fails 29 in day 3358 during 76 days.

Fails 30 in day 625 during 76 days.
Fails 30 in day 840 during 76 days.

Fails 30 in day 3243 during 76 days.
Fails 30 in day 3641 during 76 days.
Fails 31 in day 2400 during 76 days.
Fails 31 in day 3186 during 76 days.
Fails 31 in day 3636 during 76 days.
Fails 32 in day 1567 during 76 days.
Fails 32 in day 2255 during 76 days.
Fails 32 in day 2644 during 76 days.
Fails 32 in day 3589 during 76 days.
Fails 33 in day 2372 during 76 days.
Fails 33 in day 3424 during 76 days.
Fails 34 in day 2196 during 76 days.
Fails 34 in day 3341 during 76 days.
Fails 35 in day 1471 during 76 days.
Fails 35 in day 2482 during 76 days.
Fails 35 in day 3308 during 76 days.
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Fails 36 in day 3247 during 76 days.

Fails 37 in day 240 during 76 days.
Fails 37 in day 566 during 76 days.

Fails 37 in day 2849 during 76 days.
Fails 38 in day 3422 during 40 days.
Fails 39 in day 2484 during 40 days.
Fails 39 in day 2918 during 40 days.
Fails 39 in day 3603 during 40 days.

Fails 40 in day 952 during 40 days.

Fails 40 in day 1300 during 40 days.
Fails 40 in day 2215 during 40 days.
Fails 40 in day 3541 during 40 days.

Fails 41 in day 963 during 40 days.

Fails 41 in day 3001 during 40 days.
Fails 41 in day 3496 during 40 days.

Fails 42 in day 416 during 40 days.

Fails 42 in day 3631 during 40 days.
Fails 43 in day 1470 during 40 days.
Fails 43 in day 3525 during 40 days.

Fails 45 in day 934 during 40 days.

Fails 45 in day 1904 during 40 days.
Fails 45 in day 1992 during 40 days.
Fails 45 in day 2725 during 40 days.

Fails 46 in day 996 during 40 days.

Fails 46 in day 2237 during 40 days.
Fails 46 in day 2371 during 40 days.
Fails 46 in day 3408 during 40 days.
Fails 47 in day 3271 during 36 days.
Fails 48 in day 3587 during 36 days.
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Fails 49 in day 192 during 36 days.

Fails 49 in day 1972 during 36 days.
Fails 49 in day 3148 during 36 days.
Fails 49 in day 3629 during 36 days.
Fails 50 in day 1194 during 8 days.
Fails 50 in day 3464 during 8 days.
Fails 52 in day 660 during 7 days.

Fails 52 in day 1770 during 7 days.
Fails 52 in day 2010 during 7 days.
Fails 52 in day 2030 during 7 days.
Fails 52 in day 2293 during 7 days.
Fails 52 in day 3245 during 7 days.
Fails 52 in day 3610 during 7 days.
Fails 53 in day 301 during 6 days.

Fails 53 in day 530 during 6 days.

Fails 53 in day 1506 during 6 days.
Fails 54 in day 1873 during 7 days.
Fails 58 in day 1411 during 7 days.
Fails 59 in day 1854 during 7 days.
Fails 61 in day 317 during 7 days.

Fails 61 in day 342 during 7 days.

Fails 61 in day 2506 during 7 days.
Fails 61 in day 2829 during 7 days.
Fails 61 in day 3071 during 7 days.
Fails 61 in day 3272 during 7 days.
Fails 64 in day 3640 during 33 days.
Fails 67 in day 148 during 33 days.

Fails 69 in day 850 during 33 days.

Fails 70 in day 2128 during 33 days.



Fails 71 in day 1670 during 17 days.
Fails 71 in day 3580 during 17 days.

Fails 72 in day 2067 during 6 days.
Fails 72 in day 2178 during 6 days.
Fails 72 in day 2854 during 6 days.
Fails 72 in day 3364 during 6 days.

Fails 73 in day 3546 during 33 days.
Fails 75 in day 2883 during 35 days.
Fails 75 in day 3408 during 35 days.
Fails 75 in day 3547 during 35 days.
Fails 77 in day 1766 during 33 days.
Fails 77 in day 3016 during 33 days.
Fails 79 in day 3234 during 10 days.

Fails 83 in day 1816 during 7 days.

Fails 87 in day 3533 during 10 days.
Fails 88 in day 1858 during 12 days.
Fails 88 in day 2352 during 12 days.
Fails 88 in day 2816 during 12 days.
Fails 88 in day 3180 during 12 days.
Fails 88 in day 3382 during 12 days.

Fails 89 in day 2339 during 7 days.
Fails 89 in day 3458 during 7 days.
Fails 89 in day 3528 during 7 days.
Fails 90 in day 2934 during 7 days.
Fails 90 in day 3091 during 7 days.
Fails 90 in day 3476 during 7 days.
Fails 91 in day 2954 during 8 days.
Fails 91 in day 3394 during 8 days.
Fails 91 in day 3548 during 8 days.
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Fails 91 in day 3641 during 8 days.
Fails 92 in day 1522 during 8 days.
Fails 92 in day 2587 during 8 days.
Fails 92 in day 2674 during 8 days.
Fails 92 in day 3118 during 8 days.
Fails 92 in day 3230 during 8 days.
Fails 92 in day 3295 during 8 days.
Fails 92 in day 3642 during 8 days.
Fails 93 in day 708 during 9 days.

Fails 94 in day 1924 during 9 days.
Fails 95 in day 1145 during 9 days.
Fails 95 in day 1946 during 9 days.
Fails 95 in day 3261 during 9 days.
Fails 96 in day 537 during 9 days.

Fails 96 in day 1996 during 9 days.
Fails 96 in day 2030 during 9 days.
Fails 96 in day 3283 during 9 days.
Fails 97 in day 1206 during 9 days.
Fails 97 in day 3584 during 9 days.
Fails 98 in day 2216 during 9 days.
Fails 98 in day 2802 during 9 days.
Fails 98 in day 3025 during 9 days.
Fails 98 in day 3487 during 9 days.

Fails 100 in day 3259 during 24 days.
Fails 101 in day 1690 during 24 days.
Fails 102 in day 2876 during 50 days.

Fails 104 in day 219 during 24 days.

Fails 104 in day 1108 during 24 days.
Fails 104 in day 2023 during 24 days.
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Fails 104 in day 2508 during 24 days.
Fails 105 in day 2519 during 12 days.
Fails 105 in day 2801 during 12 days.
Fails 105 in day 3187 during 12 days.
Fails 106 in day 1298 during 11 days.

Fails 107 in day 677 during 12 days.

Fails 107 in day 3460 during 12 days.
Fails 108 in day 1054 during 11 days.
Fails 108 in day 2728 during 11 days.

Fails 110 in day 708 during 11 days.

Fails 110 in day 1074 during 11 days.
Fails 110 in day 2624 during 11 days.
Fails 110 in day 3604 during 11 days.

Fails 111 in day 2314 during 7 days.
Fails 111 in day 3315 during 7 days.

Fails 112 in day 1051 during 12 days.
Fails 112 in day 2933 during 12 days.
Fails 116 in day 2531 during 24 days.
Fails 116 in day 2787 during 24 days.
Fails 116 in day 3022 during 24 days.
Fails 116 in day 3261 during 24 days.
Fails 116 in day 3547 during 24 days.
Fails 119 in day 2865 during 12 days.

Fails 120 in day 2991 during 3 days.
Fails 120 in day 3533 during 3 days.
Fails 120 in day 3558 during 3 days.
Fails 120 in day 3582 during 3 days.
Fails 120 in day 3648 during 3 days.

Fails 121 in day 3064 during 21 days.
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Fails 121 in day 3381 during 21 days.
Fails 121 in day 3536 during 21 days.
Fails 121 in day 3613 during 21 days.
Fails 122 in day 2758 during 24 days.
Fails 124 in day 1853 during 3 days.
Fails 125 in day 589 during 16 days.

Fails 125 in day 2035 during 16 days.

Fails 126 in day 2634 during 104 days.

Fails 127 in day 3436 during 8 days.
Fails 128 in day 665 during 43 days.
Fails 128 in day 2924 during 43 days.
Fails 128 in day 3260 during 43 days.
Fails 129 in day 681 during 24 days.
Fails 129 in day 2515 during 24 days.
Fails 129 in day 2966 during 24 days.
Fails 129 in day 3522 during 24 days.
Fails 129 in day 3635 during 24 days.
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