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ABSTRACT

Any production well is drilled and completed foretlextraction of oil or gas from its
original location in the reservoir to the stockKkaor the sales line. During their transportation
from the reservoir to the surface, these fluidsiregenergy to overcome friction losses and to lift
products to the surface. The production systemsiin an oil or gas field consists of several
components where pressure losses may occur, thediad the well performance in terms of
production rate. In order to optimize productionfpenance and determine the exact effect of
each component on the production rate, it is ingrdrto analyze the entire production system
from the reservoir to the surface network. A madgiresented here that will analyze the effect
of selected parameters on the final performandbeproduction system of a natural gas field. A
sensitivity analysis will be conducted for theseapaeters, thus displaying their individual and
combined impact on the system performance in terfheroduction rate. This will be done by
presenting several production scenarios and byaingl the technical and economic influence of
the selected parameters on the field, the objedbemg to determine the combination of

parameters that will best allow the attainment given field production target.
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A= Drainage area (i

C,= Total drilling and completion cost per well ($US)
D= Non-Darcy coefficient (D/MSCF)
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OGIP =Original Gas In Place (SCF)

P.,= Abandonment pressure (psia)

Piownss Choke downstream pressure (psia)

Piownsca= Calculated choke downstream pressure (psia)

Paownscriticar Critical choke downstream pressure (psia)

viii



P. = Pressure at the edge of the reservoir (psia)

P,= Gathering tank pressure (psia)

Poe= Pseudo-critical pressure (psia)

Pus Choke upstream pressure (psia)

P = Wellbore pressure (psia)

P.n= Wellhead pressure (psia)

P. = Flowing Bottom hole pressure (psia)

Pwiorod = Flowing Bottom hole pressure at well deliverdpitonditions (psia)
g= Flow-rate (MSCFD)

Opro= Flow-rate at well deliverability conditions (MSOIr
Ower= Flow-rate at well deliverability conditions (MSBEQ
Qreis= Total gas field production rate per year (MSFCD)
r = Radius (ft)

r = Pressure ratio (Dimensionless)

r.= Critical pressure ratio (Dimensionless)

re= Drainage radius (ft)

r.= Wellbore radius (ft)

RFeontrace RECOVETY factor (%)

s= Skin factor (Dimensionless)

t = Time (years)

tmax= Project lifetime (years)

t,= Project lifetime (years)

Taowns= Choke downstream temperature (Rankine)

T4~ Gathering tank temperature (Rankine)



T,= Pseudo-critical temperature (Rankine)

T~ Reservoir temperature (Rankine)

Twh= Wellhead temperature (Rankine)

Tw= Flowing Bottom hole temperature (Rankine)

v = Fluid velocity (ft/s)

Z= Z-factor (Dimensionless)

Z..&< Z-factor at the current reservoir pressure (Disiemiess)

Ziesinia= Z-factor at the initial reservoir pressure (Dirsiemless)

GREEK

o= Inflow performance relationship constant (PA8itSCFD)
p= Inflow performance relationship constant (A9SCFL¥)
y= Specific heat ratio (Dimensionless)

Yq = Gas specific gravity (Dimensionless)

¢ = Pipe roughness (in)

[ = Gas viscosity (cp)

8 = Inclination angle (°)



Xi

ACKNOWLEDGEMENTS

First of all, I would like to thank God for givinge the opportunity to study in the United
States, to start and finish this two year journeg # get this amazing learning experience at the

Pennsylvania State University.

| would also like to express my profound gratitudemy advisor Dr Zuleima Karpyn
who guided me and helped conceptualize this projed¢he meantime, | would like to thank the
other members of my committee, Dr Luis Ayala andRabert Watson, for their insights and

comments, which were really helpful and were mygpreciated.

Finally, my gratitude goes towards my friends &maily who supported me throughout

these two years and who gave me the courage andvatha for this journey.



. Chapter 1

I ntroduction

In everyday life, we come across various kinds efision-making problems ranging
from personal decisions related to investment, eltaand career development to business
decisions related to procuring equipment, hiringffstproduct design and modifications to
existing design and manufacturing procedures. énofhindustry as well, engineers have to make
decisions that will involve the investment of loltis of dollars and can jeopardize the future of a
company, if they lead to the loss of the investmipstead of generating profit. Therefore, they
need tools and techniques that will allow them tkenthe best choice possible in order to solve a
particular problem.

Optimization consists in making a design, a pracessa system as fully perfect,
functional or effective as possible. This method ba modeled mathematically by the definition
of an objective criterion which will be describey dn objective function, decision variables and
by the definition of constraints. Then, optimizingcomes the process of finding the value of the
decision variables that will maximize or minimizeetobjective function subject to restrictions.

In the oil and gas industry, the topic of productioptimization has been covered for
several years. Much work has been done in this arehvarious mathematical techniques,
numerical tools and software have been developedyder to solve some of the optimization
problems that occur in the industry.

Any production well is drilled and completed foettransportation of hydrocarbon fluids
from the underground reservoir to the surface itasgl The production system in use in oil and

gas fields can be relatively simple or involve mammymponents in which pressure drops may
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occur. Nonetheless, three main units influenceopemim production: the reservoir, the well
tubing and the surface flow-line.

The reservoir fluids require energy to overcometifsh losses in the system and for their
transportation from the reservoir to the surfadee $uccess of this complicated process depends
not only on the type of reservoir you are dealinghwbut also on how well you design the
production system.

The flow in the surface pipeline is not autonombos what is happening in the tubing
system, which is in constant communication with rigervoir. It is imperative to select the best
values for parameters such as the tubing sizew#dthead pressure, the choke size and the
surface flow-line diameter. Too often, productiorgmeers face problems due to ill-sized wells
or ill-sized chokes when the selection of the valakthose parameters that will best fit theirdiel
properties and production demand, is incorrect.

Since, numerous factors such as the ones previoushtioned are interrelated and can
have a significant impact on the production rat®dpction system design cannot be separated
into reservoir performance and piping system perforce and handled independently. It is
important to analyze the flow as a whole from tlservoir to the surface facilities and to
understand the interplay between those factors.

In this study, a numerical tool has been develofhed describes the flow from the
reservoir to the surface for a single well in aunaitgas field. The model is able to give the det o
decision variables among a panel of alternatives will allow best to reach a targeted field
production rate; taking into account reservoir déph over the lifetime of the project. In order to
reach optimum results, reservoir properties, tubsiygtem properties and surface flow-line
properties need to be provided, as well as theaegaecovery factor that is to be achieved and
the lifetime of the project, which will enable tldetermination of the yearly constant field

production rate.
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The numerical model presented in this work, has loesigned for a dry gas reservoir
but its use can be extended to a wet gas reseevaiondensate reservoir or an oil reservoir. It

will just be required to make some adjustmenthindquations used.



Chapter 2

Literaturereview

Performance optimization is a common problem tlsamet by production engineers
worldwide. Several methods have been developea she late 1960’s and can be found in the
petroleum engineering literature. In this chapgersummary of these studies and their field

application is given.

2.1.Gaswell optimization using nodal analysis

Ueda, Samizo and Shirakawa (1991) presented in their paper, the application of
production system analysis to an offshore oil fidldtal production system analysis was applied
to optimize the production of the Khafji field, ail field situated offshore Saudi Arabia that has
been producing from more than 100 wells since 18&iHal analysis was used to investigate the
flow through the wellhead choke and through thevflme network. A well choke model based
on Ashford formula and flow-line networks modelsreveleveloped. Bottlenecks were identified
and solutions such as rerouting and resizing dfaserflow-lines were advised, based on the
results of this study. It was estimated that thelémentation of these solutions would allow
reaching an increase of production rate of 30 MBPD.

Leong and Tenzer (1994) presented the successful use of nodal analysisetisas
production enhancing techniques such as acidiziager entry exclusion and soap injection in
order to increase the production of a mature gdd &t minimal cost.

Bitsindou and Kekar (1999) presented a computer tool, which can be utilizadtiie
production optimization of a gas well using dynamimdal analysis. The concept of dynamic

nodal analysis combines the advantages offereddiiykwown techniques such as nodal analysis,
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material balance and decline curve analysis. Uselividually, each one of the previously
mentioned techniques can allow the attainmentgwad but an incomplete result.

Nodal analysis enables the appropriate selectidhenindividual components involved in
the production system. However, it only provides tiser with a snapshot picture of the well
production. It is therefore impossible to assesg pduction will change with time.

Decline curve analysis is the most commonly uselrtigue in order to include the effect of time
on the well production. It involves matching theopmproduction data using one of the decline
curve types (exponential, hyperbolic or harmonie)l aising the estimated decline parameters,
thus predicting future performance under existiogditions. However, it may not reflect how the
well will behave under altered conditions.

The material balance technique was proven usefulinderstanding how much gas can be
produced from the well. The drawback of this teghmiis that it cannot predict production as a
function of time; it can only describe productios afunction of reservoir pressure. The impact
of alterations cannot be assessed.

The algorithm that has been designed, allows therméation of a sensitivity analysis
of future performance for gas wells once a satisfganatch of the past production performance
is obtained. The method provided excellent redgitsboth synthetic and field data, and is an

improvement to conventional nodal analysis.

2.2.Numerical optimization techniquesfor oil and gasfields

Van Dam (1968) presented in his paper a method for the seleatipan optimum
production pattern for a gas field. His methoderdf the advantage of including economic

considerations. Indeed, unlike oil production, gaeduction is highly influenced by market
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conditions, since the demand for natural gas is@ed. There is usually a peak in the demand for
natural gas during the winter season and a decofdlse demand during the summer season.

Van Dam started by emphasizing the importance gicéf characteristics of the
producing field such as total natural gas resenwed, performance, reservoir deliverability, gas
field performance, as well as market conditionsthi@ conception of an optimum development
plan for a gas field. Then, based on a dimensisrdgstem of units used to represent the future
life of any particular gas field, he was able tdetmine the production pattern that would allow
obtaining the optimum profit in terms of presentuea Finally, following his method, it is
possible to know the optimum way for the build d@age, constant production phase and decline
phase to take place and at what production rate.

Murray and Edgar (1978) presented a method to optimize well location dredsequence
of flow rates and compression needs at each webrding to a pre-specified demand schedule.
Their work is an extension of previous researchreservoir optimization( (Coats 1969),
(Cooksey, Henderson and Dempsey 1969), (Dempsey, et al. 1971), (Henderson, Dempsey and
Tyler 1968), (Sharp, et al. 1970)). Two separate optimization techniques were derfveich the
concept of zero-one (no-yes) integer programming,imteger variable representing the decision
to drill or not to drill a well, at a particular dation. A BEMIP (binomial enumerative mixed
integer program) was used to solve the scheduliaglem and was found to be as successful as
the traditional BBIMP (branch-and-bound mixed irgegrogram), since it led to the same results
with a gain in computing time of 75-80%. A non-lameoptimization algorithm for continuous
variables (the gradient projection method) was usedetermine the scheduling of production
that would meet demand at minimal costs. A nondiirterm served to approximate the zero-one
decision to drill. This algorithm appeared to be improvement over existing methods for

selecting well locations and scheduling flow rédtesn a multiwell reservoir.
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Eme (2005) presented in his paper a simple technique to atalgas deliverability. Its
method offers the advantage to require less data ¢kher conventional methods, in order to be
able to assess gas well performance. Three comsonene needed for performance prediction:
initial rate estimate, prediction of rate decling @servoir pressure depletes, prediction of
reservoir pressure decline due to production.

It was shown in his study that the gas rate decforevarious tubing sizes on a
dimensionless or normalized scale was similar. fdslting relationship combined with the
material balance equation for depletion drive nesies allowed the prediction of gas well
performance for most reservoir types (dry gas amtlensate). The method was validated by

comparison with the results obtained from simulagoftware.

2.3.Multivariate optimization

Carroll and Horne (1990) introduced the use of multivariate optimizatiooheique to
reach an optimum criterion for a petroleum fieldhiet in their case was the maximization of the
revenue stream generated from the production okteoleum field. Traditional analysis of
production systems has treated individual nodes atna time, calculating feasible but not
necessarily optimal solution. Multivariate optimtiza involves finding the extreme values of a
function of multiple variables, thus giving the doimation of these variables that will allow best
the attainment of a predefined extreme value.

Carroll and Horne’'s study’s objective was to dentais the effectiveness of
multivariate optimization when applied to the penfance of hydrocarbons wells. They first
developed a well model that was able to give thoglpetion profile for a given time step and a

given project life, for any combination of variabld hat well model contained 4 components:
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- The reservoir model, which was based on a modetldped by Borthne. It was a black
oil model that could perform a generalized matdyaance calculation in concert with an
inflow performance relationship.

- The tubing component, which described multiphase through the vertical flow-string,
was based on 3 multiphase flow correlatiofidagedorn and Brown 1965), (Orkiszewski
1967) and(Azz, Govier and Fogarasi 1972)).

- The choke component, which described flow throdgh durface choke in both critical
and subcritical regimes, was based on the Sachetealanode(Sachdeva and al 1986).

- The separator component, which modeled surfackties; was also included.

Since the initial idea was to test the multivariafgimization technique, they chose the present
value of the revenue stream generated over thefliflee project, as the objective function.

The model was tested and plots were obtainechéoptesent value of the revenue stream
as a function of the separator pressure and thagubameter. Several non-linear solvers were
used such as the unmodified Newton’s method, a fieddNewton’s method based on Cholesky
factorization and the polytope algorithm. Convexgemwas obtained with the Newton’s method
only when initial estimates were within certain laggfined regions. Significant improvement
was achieved in convergence to the maximum valhenwsing the modified Newton’s method.
However, it was difficult to obtain meaningful deatives with both methods. The polytope
method seemed to be more effective for noisy foneti

To conclude,Caroll and Horne (1990) succeeded in displaying the effectiveness of
multivariate optimization as compared to univarigequential optimization, in the area of
petroleum production. Many advantages such as tinebar of decision variables that can be
simultaneously chosen and the convergence speecaihde attained, were emphasized.

Tavakkolian et al (2004) presented in their paper the use of another kinohufivariate

optimization technique for production optimizatidrneir study dealt with the investigation of the



9

effectiveness of the genetic algorithm method itinoging the performance of hydrocarbon
producing wells. It is well-known that the perfomnea of a producing well depends on several
variables such as tubing size, choke size, sepgraesure, etc. In other words, it is a functibn o
these variables. Therefore, changing any of thethalier the well performance. The method
presented in this paper is a new stochastic methat enables the analysis of a system of
mathematical equations with a number of decisiatabées and to determine the optimum values
of these variables that should give the most ecomawsult. Genetic algorithms offer the
advantage of coping with all categories of optirtica problems, optimizing with continuous or
discrete parameters or a combination of both typearching simultaneously through a large
number of decision variables, providing a list pfimum parameters. A code was developed with
MATLAB environment based on genetic algorithm ahdvas possible to determine the most
optimum values for the tubing string size (sing# ©r dual sized tubing), the depth at which the
tubing size should vary, the choke size, the nurobeeparators and the separator pressure. The
method was applied to a real gas condensate produsystem. The obtained results were
compared to those of PROSPER simulator and a ggoeement was found between the two
software packages, which demonstrated the effewtig of the genetic algorithm method.

Kappos and Economides (2005) developed a multi-well network optimization scheme
which combines the three systems at stake in genolproduction: the reservoir, the well tubing
and the surface network. They analyzed the flounfthe reservoir to the gathering tank. Then,
they solved a system of equations describing the ths a whole, from the reservoir to the
surface, with the help of a mathematical solverusihthey were able to find the production
system optimum rate, the appropriate choke sizeservoir pressure declines and the adequate
surface pipeline diameter. The model was appliealdix gas well system, for which they tried to
determine the optimal surface pipe diameter sultgeataximal production rate, as the reservoir

pressure declines. Their study showed that prooluctptimization is ensured when the operating
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flowing bottom hole pressure and the flow rate dictated by the intersection of the inflow
performance relationship (IPR) and the verticat Ifferformance (VLP) curves. It was
recommended that the flow at the choke be closialrias it allows obtaining maximal rate for a
given downstream pressure. It was also shown tbepikg a well in production is not only a
function of reservoir pressure, but the choicearbmeters such as the choke size and the surface
pipe diameter is crucial; the latter being eveneriarportant, considering the fact that it plays a

determining role in field economics.

2.4.Summary

From the literature review, we can notice that esitee work has been performed in the
area of production optimization of hydrocarbondhii Several techniques such as nodal analysis
and dynamic nodal analysis have been introducedrenanmportance of optimal design has been
emphasized. It is also noticeable that most resteilies have focused on multivariate production
optimization. This technique combined with the o$@enetic algorithm has been proven to be
effective.

The individual impact of production units such he teservoir, the well tubing and the
surface network has been mentioned. However, ath@ome work has been done in order to
demonstrate the importance of optimizing the préidacsystem by looking at all the components
simultaneously instead of sequentially, there leseme questions which remain unanswered:

- What is the combined influence of the previouslyntrened production units on well
production rate?
- How can we optimize the combined effect of thesampaters during the design phase of

the production system in order to reach predefm@imum production conditions for a

gas field?
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. Chapter 3

Problem statement

Optimizing the production from a single well, ierms of mass rate is an exercise that
encompasses all three units that influence petmolproduction: the reservoir, the tubing system
and the surface network. It is important to fullpderstand their interplay and discover the
determining factors or parameters, which will matere the effect of each unit on the well
production rate. There are four key parameterschviplay an important role in the optimal
functioning of these units:

- The tubing size

- The wellhead pressure

- The choke size

- The separator or gathering tank pressure
A good combination of these parameters will leacamooptimum production of the well at a
specific reservoir pressure. It is therefore esgktat mathematically describe the flow as a whole
from the reservoir to the surface and analyze iterdependency of these parameters, as well as
their effect on well production rate.

Several methods have been introduced in the patroengineering literature, which aim
at attaining an optimum functioning of a productieell. However, very few of the previous
studies truly defined the individual impact of tthecision parameters that constitute the wellhead
pressure, the tubing size, the choke size andgparator or gathering tank pressure. In the same
way, very few of them included these four paranseiteia multivariate optimization procedure. In
terms of multivariate optimization, it is essentialdefine an objective function to be maximized

or minimized. This objective function depends owvesal variables.
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Every gas production project is closely linked tarket conditions. Usually, a gas
production contract for a given field is conceivasl follows: given the gas field properties
(reservoir properties, fluid properties, total matigas reserves), a company will agree to produce
a constant specified amount of gagder year, over the life of the projegs, ih other words,
the company will agree to reach a certain gas caitivel production or recovery factor from the
field, at the end ofytyears. In order to meet the requirements, a prastugtattern needs to be
chosen, based upon the individual well performandech is related to the appropriate selection
of parameters such as the wellhead pressure, bivgtaize, the choke size and the gathering tank
pressure.

The evaluation of the effectiveness of the chosgeraiing conditions can be
accomplished by selecting net present value aslfective function and by estimating the net
present value of the project for several productsmenarios determined by the different
combinations of decision variables that are aviElafihe optimal combination of decision
variables will maximize the net present value @&f pinoject.

Therefore, the goals of this study are:

- To demonstrate the impact of each decision variablthe well performance and display
how they are interrelated, by conducting a sensjtanalysis.
- To obtain the optimal combination of decision vhks that will maximize the net

present value of the project.
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Chapter 4

M ethodol ogy

In this chapter, the methods that are used to siilgeproblem and the mathematical
background behind these methods are explained, Fies general workflow to be followed to
solve the problem is presented. Then, the four requations that are incorporated in the gas well
model and their adaptation to the problem are desitr Finally, the modified gas well model is

also explained.

4.1. Workflow of the study

First, a clear description of the problem in temhsnathematical objectives needs to be
accomplished. Then, those objectives need to beslated numerically with the use of a
numerical tool that will encompass all the aspedtour problem. In this study, this step is
accomplished by using MATLAB to design a gas webtidal. A sensitivity analysis for each
decision variable is conducted using this modelambination with an in-house case study.

The results from this analysis are included indhsign of the optimization procedure. A
modified gas well model is conceived. This modehimsimprovement of the previous one that
takes into account the objective function and gatesrthe optimum set of decision variables for
the objective function.

Thus, final results can be obtained, which wilsciébe the parameters to be chosen in
order to best meet the requirements of a gas progedract. Figure 4-1 displays a brief workflow

of the procedure to be followed in order to achitheegoals.
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Numerical description Optimization
of the problem procedure
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Figure 4-1: Workflow of this study

4.2.Equations

The gas well model has been built to describeltve from the underground reservoir to
the surface facility. It takes into account thesgiege drops that occur in the production system
when gas flows through the following units: theemsir, the tubing system and the surface

network.
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APchoke=Pwh-Pdowns

Surface choke i
APflowline=Pdowns-Pg

Pwh \Vi Pdowns

A Pg

[AR

\/

Gathering tank
or Separator

APtubing=Pwf-Pwh

% Pwf «—— APres=Pres-Pwf

Figure 4-2: Pressuredropsin the production system

Figure 4-2 shows the pressure drops occurringdrptbduction system that will be of interest for
this study. Equations have been derived that expldie flow in these units.
4.2.1.Reservoir performance equation
To calculate the pressure drop occurring in arvede an equation that expresses the
energy or pressure losses due to viscous sheacitorf losses as a function of velocity or flow
rate is required.
The following assumptions must be considered:
- Radial flow:
We are considering the existence of radial flovetigh the reservoir. The fluid is converging
in a radial way into a relatively smaller hole. el linear flow configuration, the cross-
sectional area open to flow is not constant foialaifiow. At any radius r, this area can be
calculated using the following equation where thisreservoir thickness:
A=2xm*r*h

4-1
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Figure 4-3: Radial flow system

Figure 4-3 portrays the configuration of a one-disienal radial flow system.
- Single-phase fluid:
We are dealing with single phase fluid. The onlydithat is flowing through our producing
system is gas. We do not account for any phassiti@m
- Compressible fluid:
Gas is the flowing fluid in this study and it iscampressible fluid, which means that its
density is highly dependent on pressure.
- Presence of skin:
The well is rarely drilled under ideal conditioms.most cases, the formation permeability is
altered near the wellbore, during the drilling arwmpletion of the well. This alteration
typically results in reducing the formation permégbnear the wellbore. On the other hand,
clean-up stimulation, or fracturing treatments @ause an increase of the permeability
around the wellbore. These phenomena are takemdéstmunt using the skin factor.

- Non-Darcy effect :
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In the majority of reservoirs, Darcy’s law can bsed to represent fluid flow. Darcy’s
law assumes that pressure drop varies linearly vwatbcity. However, for high fluid velocities,
experimental observations show that the pressune idcreases more rapidly with velocity than
what a simple linear relationship would suggest. stated before in equation 4-1, the cross-
sectional area open to flow A, is proportional te teservoir thickness h and the radius r. For a
given reservoir, as the radius becomes smaller, atea decreases. Fluid velocity can be

calculated from the following relationship:

NS

4-2
As the area decreases, the velocity increaseshvexiplains why the non-Darcy effect is more
likely to be noticeable around the wellbore, whesshave the smallest radii.

Another reason for increasing velocity is the exgian of the reservoir fluid. From
Figure 4-3, we can notice that for the fluid todide to flow from the reservoir to the wellbore,
the well flowing pressure Pw needs to be smallen the pressure at the edge of the reservoir Pe.
Thus, as reservoir fluid approaches the wellbdeepiessure decreases, which results in fluid
expansion. This expansion causes an increase imothenetric flow rate. In the meantime, the
cross-sectional area A, decreases. The resultilccegase in the velocity (see Equation 4-2).
Based on the previous observations, the non-Ddfegtawill have more impact on the flow rate
of a compressible fluid like gas than it will hauwmpact on the flow rate of a slightly-
compressible fluid like single phase oil, becatnsefluid expansion that occurs near the wellbore
due to the pressure drop is more significant incige of a compressible fluid than in the case of
a slightly-compressible one. Since we are dealiith & compressible fluid, this is definitely an
element that should be taken into account.

- Pseudo-steady state conditions:
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We are going to experience three types of flowmegi during the producing life of a reservoir:
transient flow, pseudo-steady state flow and stestale flow. Initially, in a virgin reservoir, the
pressure at any fixed depth is constant. As pragluttegins the pressure near the wellbore drops
significantly, since near wellbore fluids expand datisfy the imposed production condition.
However, far away from the wellbore, no measurgblkessure drop can be observed at early
times. The reservoir is said to be “infinite-actirsince at locations far away from the reservaoir,
no pressure drop is noticeable, despite the fattthie reservoir is producing. The flow is said to
be transient. After a long time, pressure dropshtmmeasured at all reservoir locations, and the
entire reservoir is contributing to the well protan. At this time, the pressure changes at the
same rate at every reservoir location. In otherdspdp(x,t)/dt=constant. The reservoir is in the
pseudo-steady state flow regime. Finally, steadyestiow occurs in the reservoir when you
replace reservoir fluids at the same rate thatrgoawove them. This occurs in secondary recovery
or enhanced oil recovery operations. During thaetinothing is changing in the reservoir, i.e.
dp(x,t)/dt=0. Figure 4-4 shows the pressure profil@ reservoir and illustrates these three flow

regimes.

Pe Well bore Pe

state flow

Steady state Dp/dt=constant

flow
Dp/dt=0 Pwf

Transient flow

Figure 4-4: Pressureprofilein thereservoir
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Based on the previous assumptions and starting tivéhForchheimer equation rather
than Darcy’s law, it is possible to come up witk fbllowing equation, which describes the flow
from the reservoir to the wellbore, for a gas resier((Economides, Hill and Ehlig-Economides

1994), (Kelkar 2008)):

Presz_owZZa*q+ﬁ*q2

4-3
With:
1424« u+«Z =T r
a= " AL (ln (0.472 % —e) + s)

kh Tw

4-4
1424 x u+ Z * T, o
= x D
kh

4-5

Pes IS the average reservoir pressure in psigisthe wellbore flowing bottom hole pressure in
psia; g is the gas flow rate in MSCF/D;u is the @asrage viscosity obtained at average reservoir
pressure in cp; Z is the average gas compresgifalitor obtained at average reservoir pressure;
Tes IS the reservoir temperature in °R; k is the nasierpermeability in md; h is the reservoir
thickness in ft; £is the drainage radius in ft; is the wellbore radius in ft; s is the skin factor
is the non-Darcy coefficient .
From equations 4-3, 4-4, and 4-5, it is possiblgeéaerate an inflow performance relationship
curve (IPR). This curve gives the wellbore flowingitom hole pressure as a function of the flow
rate.

4.2.2.Tubing system performance
In order to relate the pressure drop that occutiartubing system to the volumetric flow rate, an
equation describing the flow from the bottom hotethe wellhead is required. In fact, the

generalized gas flow equation through an inclingee dor a single-phase fluid is used. The
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equation has been derived from the mechanical gneatance relationship, considering the
following assumptions:
- Single-phase flow:
There are only one fluid and one phase that aseirilp through the well tubing. No phase
transition is accounted for in our study.
- Compressible fluid:
Gas is the flowing fluid and it is compressible.s@Gkensity is highly non-linear with regards
to pressure. This has an impact on properties aschiscosity, compressibility factor and
every pressure related property because you needne up with an expression that will
account for the high non-linearity of density widgards to pressure.
- Newtonian fluid:
The fluid follows Newton’s law. The fluid’'s stresaries linearly with the rate of strain.
Fluid viscosity is the constant of proportionalifyor a Newtonian fluid, fluid viscosity
depends only on pressure and temperature. In atmersoal reservoir, we are only
considering the dependence of fluid viscosity vpitessure.
- Inclined pipe:
This assumption allows accounting for any elevatdference in the general flow equation
through a pipeline. In the case of a horizontakpthe effect of gravity can be neglected. But,
this becomes incorrect when dealing with an incipge. For this study, the equation is
developed for a vertical tubing string. Therefdiee value of the angle is 90°, which will
simplify the calculations later on.
Figure 4-5 describes the configuration of an iregdippipe and the meaning of all the parameters

involved and which appear in the derivation of da@ation.
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Figure 4-5: Flow through an inclined pipe

- Steady state flow:
We assume that there is steady state flow in the. dihere is no accumulation or creation of
matter inside the pipe. The amount of fluid thames in is the amount of fluid that comes
out of the pipe. Thus, the mass flow rate is cansta
As a result, it is possible to obtain the followiegpression for the pressure drop in the well
tubing. This relationship is also called the vettidift performance relationship (VLP)

((Economides, Hill and Ehlig-Economides 1994), (Kelkar 2008)):

f * (Zavg * Tavg)z * qZ * (exp(—S) - 1)

P> —P,° xexp(—S) = 2.685 x 1073 « -

$ind * dyyping

4-6

With:

—0.0375 xy 4 * SinO * Ly

Zavg * Tavg

4-7
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P.s is the upstream pressure. It is the wellbore fimgnbottom hole pressure in psiayFs the
downstream pressure. It is the wellhead pressuresia; %,y and T,y are the average
compressibility factor and temperature, accounfimghe entire length of the well tubing; q is the
volumetric gas flow rate in MSCF/Dj,ghg is the tubing diameter in inches; S is a coeffitie
accounting for the elevation aspegy;is the gas specific gravity;d« is the length of the tubing
string or the well depth in ft.

4.2.3.Gas flow through the choke

A surface choke is a restriction in a productiostsgn. There are two types of flow that
can take place in a surface choke: critical flow anbcritical flow. The critical flow occurs when
the fluid velocity at the smallest cross-sectiomhia restriction is equal to the velocity of sotimd
that medium. When the velocity is less than theaigl of sound in the medium, we experience
what we call subcritical flow. When the fluid veitycis greater than the velocity of sound in the
medium, we have supercritical flow. This type obwl is rarely encountered in petroleum
production systems. However, both critical and sitibal flows are very common. The basic
difference between those two flow regimes residfénway the fluid flow rate is affected.

When the flow through the restriction is criticde flow rate is maximal and insensitive
to pressure changes downstream of the given resitricThe rate is only related to the pressure
upstream of the choke. Therefore, reduction in dstkeam pressure does not influence the flow
rate, since the reduction is never transmittethéochoke.

During subcritical flow however, reduction of thevehstream pressure will result in an
increase of the flow rate, for a fixed upstreamspuee. Further reduction of the pressure
downstream of the choke can be obtained by pickitayger choke size. It also leads to further
increase in the flow rate.

Therefore, if the purpose of installing a choketlie production system is to isolate

downstream fluctuations from upstream conditionss ibetter to operate the restriction under
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critical conditions. For example, a choke can bsalted at the wellhead and operated under
critical conditions so that the downstream fludiuzg in the pipeline or the separator conditions

will not affect the wellhead pressure, thus assuarsmooth production. On the other hand, if the

purpose is to control the flow rate or to minimgaes hydrate blockages, the surface choke should
be operated under subcritical conditigisikar 2008).

This is the assumption that we are making in oudystin order to be able to assess the
influence of the surface choke on production. Weehto make sure that this assumption is
always verified while building up the gas well mbde

The following assumptions are considered:

- Single-phase :

We keep the same assumption as in the previous ainihe production system. The flowing
fluid is still single-phase. No phase transitiomaking place in the restriction.

- Compressible :

Gas is the flowing fluid and it is compressible,isthmeans that the density is highly non-
linear with pressure.

- Frictionless and adiabatic flow:

The flow through the restriction is considered &daiabatic. There is no heat transfer with
the environment. We are also assuming that thepafection losses when using the energy
balance equation. However, a discharge coefficieradded later on in the derivation to
account for any friction losses that might occur.

- Subcritical flow :

As previously explained, the flow through the chakesssumed to be subcritical. The flow

rate is affected by downstream pressure changes.
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Based on the previous assumptions, an equationgdsr flow through a choke is
developed, starting from the energy balance. THeviong equation is obtained, with,fas the
upstream pressure:

2 y+1\ 05

Y (Pdowns))_’ . (Pdowns) 14

=798.796 * d% 1. * Py}, * *
1 cholce W (Yg * Twh * (Y - 1) Pwh Pwh

4-8
g is the gas flow rate in MSCF/D;gl is the choke diameter or choke size in inchgg;ifthe
wellhead pressure in psiagfns is the pressure downstream of the chokes the specific heat

ratio; yq is the gas specific gravity;.fis the wellhead temperature in ° R.

Mass flow rate

—

Critical flow Subcritical flow

rc

\ 4

0 0.5 1

r=Pdowns/Pups

Figure4-6: Massflow rate versus pressureratio for a surface choke

Figure 4-6 shows what we obtain when we plot thesrflow rate through a restriction

(here a surface choke) versus the ratio of thespresdownstream of the restriction to the
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pressure upstream of the restriction. This rationiged r in most petroleum production
engineering books.

As we can see, during subcritical flow, the flowerancreases as r decreases, for a given
upstream pressure. This is true up to a certaint pgiwhich is the critical pressure ratio. Once
that point is reached, we enter into the critit@hfregion and the flow rate stays constant despite
the decrease in the pressure ratio r.

Thus, under critical flow conditions, the flow rageno more affected by changes in the
pressure ratio r. This statement can be transtateéde following equation:

dq

Tr = 0
4-9

By taking the derivative of equation 4-8 and by g r=PyewndPun, the following expression

can be obtained for the critical pressure ratio r

) 4

B 2 \r-1
e=\y+1

4-10

The following table describes critical and subcatiflow conditions in terms of equations:

Table4-1: Choke flow conditionsfor a given upstream pressure

TYPE OF FLOW CONDITIONS
CRITICAL FLOW r <1 < Paowns < Paownscritical
SUBCRITICAL FLOW r > 1. Paowns > Paownscritical

This relationship can be used to calculaigBeiica for a given upstream choke pressugg P
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A
2 \r-1
P gownscritical = "¢ * Pups = m * Pups
4-11
4.2.4.Surface flow-line equation
Here, the generalized flow equation for gas flowotigh a horizontal pipe is used. The
following assumptions are considered as explaineskection 4.2.2: single-phase, compressible,
Newtonian fluid and steady state flow. As statedot®e the equation is derived from the

generalized energy balance equati@tonomides, Hill and Ehlig-Economides 1994). When

applied to the surface flow-line, we obtain:

Yg * f * Zavg * Tavg * qZ * Lsurf

5
dpipesur f

Paowns — P42 =1.007 + 107* «

4-12
Puowns IS the choke downstream pressure in psigisRhe gathering tank pressure or separator
pressure;yy is the gas specific gravity; f is the Fanning tfdo factor; Z,, and T4 are
respectively the average compressibility factor #relaverage temperature in °R for the entire
length of the pipe; g is the gas flow rate in MSTHL, is the length of the surface flow line in
ft and Qipesurtis its diameter in inches.
In both section 4.2.2 and section 4.2.4, the fath@aequation is used to determine the

Fanning friction factor:

— = —4 % * _ «
i °97\37065 N °\2.8257 '\ Ng,

4-13

¢ is the pipe roughness in incheseM the Reynolds number.
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This correlation is called the Chen equation. & haen derived from the commonly used
Colebrook-White equation. The advantage that cdnass the choice of this equation is that it is
explicit in f. Therefore, there is no need to ugeitarative procedure like the Newton-Raphson
method to be able to generate values for f.

The Reynolds number can be determined from thatioglship:

Yg*4d
dxpu

Nge = 20.09 x

4-14
4.3. Gaswell mode

The gas well model is a computer program that altimking the reservoir unit to the
equipment at the surface. It has been developdtiMATLAB environment. It mathematically

analyzes the flow as a whole from the reservoitht surface using the equations described in

section 4.2.

INPUT OUTPUT
T i T |
i | | i
! - | ! gprod,Pwfprod !
i /Decision parameters) ! : :
! (Pwh, dtubing, ' ! '
! dchoke, Pg) ; : y i
: . Gas well I Pdown&'@ l
: ' model ! '
E Other reservoir E i i
! properties, tubing ! : \ !
'\ properties, surface i : . E
| "\pipeline properties " E dpipesurf :
T | L T |

Figure4-7: Gaswell model input/ output flowchart
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Figure 4-7 displays the input and output of the wai model. You need to provide a

combination of decision variables P duping tnoke Py). These combinations can vary whenever

you are running the program. You also need to pewather properties defining the three units of

production (reservoir, tubing and surface flow-jiaad the flowing fluid:

Reservoir properties: reservoir pressure, resetemnperature, formation permeability,
drainage radius, wellbore radius, skin factor, Damey coefficient, reservoir thickness,
water saturation, porosity, recovery factor, projéetime

Fluid properties: gas specific gravity, Moleculagight

Tubing system properties: pipe roughness, tubinggstength, bottom hole temperature,
wellhead temperature

Surface flow-line properties: pipe roughness, lenggathering tank or separator
temperature

Once these parameters have been provided to tigeapmpit will first solve a system of

equations constituted of the IPR relationship dred\{LP relationship. This action will allow to

obtain the well deliverability, described by theogmction rate g.q and the corresponding

flowing bottom hole pressure,R.. In fact, the well operating point is dictated kiye

intersection of the following curves:

The IPR curve: it is a plot of the flowing bottoralé pressure for various gas flow rates
g. It can be obtained using equation 4-3. It defitre flow coming from the reservoir to

the wellbore (inflow).

The VLP curve: it is a plot of the flowing bottorole pressure for various gas flow rates
g. It can be obtained using equation 4-6. It dessrthe flow from the bottom hole of the

well to the surface (outflow).
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A well is optimized when it is operating at thedrgection point of both curves. Those
curves are closely linked to parameters such aswglthead pressure and the tubing size.
Changing one of them will have an impact on thd deliverability.

Once the well deliverability ¢(gha Puorod) has been found for the corresponding input
parameters, the production rate values serve terrdete the pressure and the temperature
downstream of the choke, for a given choke siegkscsed at the beginning of the program. This
process is executed using equation 4-8.

Finally, the downstream choke pressure and temyreradre used to determine the
diameter of the flow-line, which is necessary te flow of gas at the surface. This can be done
with the help of equation 4-12 as the length & $urface pipeline is given. The size of the
surface pipeline is extremely important since feetfs pipeline economics. Figure 4-8 represents
the flow chart of the gas well model MATLAB subrong and summarizes all the elements

described above.



Input reservoir properties, lifetime of
the project, ultimate recovery factor,
fluid properties, well tubing properties,
surface flowline properties

Calculate pseudo-critical properties
Ppc and Tpc

Calculate Zresinitial, Bgi, OGIP,Gmax

Black box 1

Calculate abandonment pressure Pab

For reservoir pressure from Presinitial
to Pab, v=1

For different combinations of
variables Pwh, dtubing, dchoke,Pg

Calculate well producing capacity
qprod, Pwfprod

Calculate choke downstream
conditions Pdowns,Tdowns

Calculate flowline diameter, dpipesurf

30

Black boxes

Return
qgprod,Pwfprod,Pdowns,
Tdowns,dpipesurf

Figure 4-8: Flow chart for the gaswell model MATLAB subroutine
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In the following sections, we will describe in modetail, the different black boxes
contained in the flow chart presented on Figureah& explain how the equations of section 4.2
are adapted for the problem.

4.3.1.Calculation of the abandonment pressure

Any gas production contract includes an ultimawovery factor, which combined with
the original gas in place and the lifetime of thej@ct, permits the determination of the reservoir
pressure at the end of the project, i.e. the abandat pressure. This can be accomplished using

the gas material balance equation:

Pres _ Presinitial . (1 o Gp )
oGIP

Zres  Zresinitial
4-15

P.es is the current reservoir pressure in psia; 5 the current Z-factor; Riniia i the initial
reservoir pressure in psiaeiia IS the Z-factor at initial reservoir pressurg, i&the cumulative
gas production of the field at the end of the projéetime in SCF; OGIP is the initial gas in
place in the reservoir in SCF.
Equation 4-15 has been derived for a dry gas resemvhich is assumed to be volumetric: no
water is produced from the reservoir during thérerifetime of the project and there is no water
influx; the initial water saturation stays constant

The following objective function is used:

Func — Pies B Py esinitial . (1 B Gp )
Zres Zresinitial oGIpP
4-16
Func will be equal to 0 only when you reach theeresir pressure that allows you to have the

ultimate cumulative production for the gas fielg Therefore, with the use of equation 4-16, it is

possible to get the interval containing the roofohc.
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Then, the bisection methd#iarris and Stocker 2006) is applied in order to obtain the value of

the abandonment pressure. Figure 4-9 provides gleterdescription of the procedure.



For pressure from 0 to

! |
! :
' > Presinitial, 1
: u=1to u=25 '
: | i
! |
: Calculate Z :
: Calculate Func=P/Z-Pi/Zi*(1-Gp/ 1
! OGIP) '
! :
| [}
| [}

Func(u)*Func(u+1)>0 NO——

P_left=P(u)
P_right=P(u+1)

Calculate Z_|left,
Calculate F_left=P_left/Z_left-Pi/Zi*(1-Gp/OGIP)
Calculate Z_right
Calculate F_right=P_right/Z_right-Pi/Zi*(1-Gp/OGIP)

YES—— N
S F_left*F_right<0
e [}

While P_right-P_left>1

I

Calculate P_middle=(P_right+P_left)/2, Z_middle
Calculate F_middle=P_middle/Z_middle-Pi/Zi*(1-Gp/OGIP)
Calculate Z_left
Calculate F_left=P_left/Z_left-Pi/Zi*(1-Gp/OGIP)

[

YES F_middle*F_left>0 NO

z
o

Pab=0

A

P_left=P_middle P_right=P_middle

Pab=P_middle

Return Pab

Figure 4-9: Flow chart for abandonment pressure MATLAB subroutine
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4.3.2. Calculation of the well producing capacity

The bisection method is used in order to deterrtlirewell producing capacity. In other
words, the bisection method allows the determimatibthe well producing flow rate,gs and the
corresponding flowing bottom hole pressurg,B, for each reservoir pressure and each set of
values for the decision variableg,Ptuping Ghoke @and B. Equations 4-3, 4-4, 4-5, 4-6, 4-7, 4-13
and 4-14 are involved in the determination of flloving bottom hole pressure for the inflow
from the reservoir to the wellbore and for the lmwiffrom the bottom hole to the wellhead, using
different flow rate values.

The following expression enables to get an ideth®fvell producing flow rate:

diffP = P}y — Py
4-17

Put1 is the flowing bottom hole pressure in psia thatcalculated from the IPR relationship
(Equations 4-3, 4-4, and 4-5) for different valud flow rate q; B is the flowing bottom hole
pressure in psia that is calculated from the VURti@enship (Equations 4-6, 4-7, 4-13 and 4-14).
diffP will be equal to 0 only when you reach thedgucing capacity ,q of the well.

Then, the bisection method is applied to the folfmobjective function £

2
) ) i *x(Z *T * 2*(ex (—S)—l)
Fq=Pre? —(axq+B+q?) - (vah cexp(—$) +2.685 x 103 1 Zava " Targ) 4"+ (exp

. ) 5
sin@ * dtuhiny

4-18

Figure 4-10 summarizes all the procedures usedderdo obtain the producing capacity of the

well.
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I
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gprod=qprod_middle

Return
qprod,pwfprod

Figure 4-10: Flow chart for the well producing capacity MATLAB subroutine
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4.3.3.Calculation of the choke downstream conditions

The next step in the program is to find the cho&evristream pressure and temperature,
which correspond to the calculated well produciagazity and to the given choke size. This is
accomplished with the help of equation 4-8.

As explained in section 4.1.3, we have to make shat the choke operates in the
subcritical flow regime. Therefore, we have to oddte first the choke downstream critical
pressure using equation 4-11. The following funethelps to determine the value of the choke

downstream pressure that corresponds to the ceddulgell producing capacity:

y+1 0.5
. P \Y P N\ v
Q — —798.796 x dihoke . Pwh . ( 14 (( dens) - ( d{)wn.s) > + qpmd

Yo Tun* @ -1 \\ Py Py
4-19
denoke IS the choke size in inches,fs the wellhead pressure in psias the specific heat ratig,
is the gas specific gravity;.f is the wellhead temperature in ‘Ry.gis the calculated well
producing capacity in MSCFD.

Q is estimated for several values @f. and Q is also estimated at the critical choke
downstream pressuresinscriical. THiS value of the objective function Q is calledq. The
objective function Q will be equal to O for a sgrcvalue of the choke downstream pressure and
only for some combinations of the decision varialfg, duing dnoke@nd B. In fact, in certain
cases, the choke size will be too small to supttartwell producing capacity and the objective

function Q will not be equal to 0. Figure 4-11 déss the relationship between Q and.R
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OBJECTIVE FUNCTION Q VERSUS DOWNSTREAM CHOKE PRESSURE

OBJECTIVE FUNCTION Q IN MSCFD

PDOWNS IN PSIA

Pdowns1 Pdownscritical Pdowns2

Figure 4-11: Objective function Q versus Pdowns

As it is explained in section 4.2.3 and as it ieve&d in the previous figure, we have to
select the interval containing the choke downstrpagssure Byns2as it is the pressure value that
will ensure that the choke operates in the subalifiow regime. Finally, the bisection method is
applied to function Y=-Q. The procedures used i@ domputer program are summarized on

Figure 4-12.
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Figure 4-12: Flow chart for the choke downstream condition MATL AB subroutine

4.3.4.Calculation of the flow-line diameter
The final step of the program enables to deterrtfieediameter of the surface pipeline

which connects the surface choke to the gatheank. fThe following objective function is used:

1
P (1.007 x 10~ x ¥y * f * Tapg * Zapg * Qroa * Lsurs)\®
o P2 — P2

downscalc g

4-20
d is the surface flow-line diameter in inches; thie Fanning friction factor; JJ; and 7,4 are the
average temperature and the average compressibitityr for the entire length of the pipeline;
Oprod IS the calculated well producing capacity in MSCRR,« is the length of the surface flow-
line in ft; PiownscaciS the calculated choke downstream pressure aq Bgis the gathering tank
pressure in psia.

Function K is estimated for different values o flow-line diameter d. These results are
then used to determine the interval containingréo of the objective function. K will be equal
to O for the only value of the flow-line diametéat corresponds to the calculated well producing
capacity and choke downstream pressure, whichh&reesults to the selected combination of
decision variables {8, duing Ghoke @and B. Finally, knowing that interval, the bisection ined
can be applied to the function K in order to file flow-line diameter associated to the chosen
operating conditions. The procedures used in thd M¥B subroutine are summarized on Figure

4-13.
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Return dpipesurf

Figure 4-13: Flow chart for theflow linediameter MATLAB subroutine
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4.4. Modified gaswell model

The modified gas well model takes into accountapmization aspect of the problem.
Given different combinations of decision variab{@, dwing, the gas project requirements
(recovery factor, project lifetime), other reservproperties, fluid properties, and given well
tubing properties, the modified gas well model witermine the well producing capacity at
abandonment conditions. Indeed, if the chosen tipgraonditions can sustain the production at
abandonment pressure, they will be capable of isirstgthe production during the entire life of
the project.
A gas production contract for a given field isidetl as follows: given reservoir properties, fluid
properties, an estimation of the total natural gserves (OGIP, Original Gas In Place at initial
reservoir pressure), a company will agree to preduconstant specified quantity of gagder
year, over the life of the projegt fThis automatically fixes the ultimate recovergtta of that
field, which is defined by this relationship:

Qfieta * 1t G
RF contrace = 365000 lOeGIP P _ OGZ;P

4-21
G, is the cumulative gas production at the end, gears in SCF;tis the lifetime of the project;
OGIP is the Original Gas In Place in SCkg&Js the total gas field production rate per year in

MSCFD
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/\A/_\ Plateau

Qfield  fr-oomoooe-

Decline

t(years)
t=0 tp=0

Figure4-14: Typical production pattern of a natural gasfield

Figure 4-14 describes the production pattern fostngas production fields. The build-up phase
coincides with the drilling phase. As you drill reowells, the total field production rate increases
until you reach the number of wells,khat will allow you to attain the pre-specifiedabfield
production rate target.
N,, is defined as follows:
Qfieta = Gwen * Ny

4-22
Qrelq is the total gas field production rate per yeaMBCFD; q. is the well producing capacity
in MSCFD; N, is the number of wells.
Owen is defined by nodal analysis. A well is called apied when it is producing at its well
capacity, which is the solution to the inflow perf@ance relationship and the outflow
performance relationship. Figure 4-15 presentsrth@w performance relationship curve and the

outflow curve.
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Pwf i
gwell=f(Pres,dtubing,Pwh) q (MSCFD)

Figure 4-15: Well producing capacity
At a given reservoir pressure, the well produciagacity is affected by the combination of
design parameters. As reservoir pressure declipag, will have different sets of design
parameters that will enable the attainment of e foroduction target.
We are going to use net present value as objefitihvetion and we will try to find the values of

the chosen design parameters that maximize itphsient value can be defined as follows:

NPV = PV(Annual cashflow) — Initial investment
4-23
With :

(1 + i)tmar — 1

PV(Annual cashflow) = (Yearly revenue — Yearly cost) * W

4-24
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PV(Annual cashflow) is the present value of thenwsh cash flow generated by the
cumulative gas production; Yearly revenue is theemeie generated per year by selling the gas
production; Yearly cost is the total operating cpst year for all the wells drilled; 1, is the
project lifetime; i is the discount rate. Figurel@ illustrates how the right selection of the

decision variables will influence the net preseaitie of the project.

Optimum combination of
selected decision
variables

Figure 4-16: NPV maximization flow chart
It is essential to evaluate the initial investmehthe project which is related to the number of
wells to be drilled, but also to the type of wellsdrill. The following function can be used to

estimate the initial investment and it is inspifeaim the power law and sizing model which is

often used for equipment cost estimating in thewnd gas industryM. Mian 2002):

5
dioo:
Initialcost = C,, * ( tubing > * N,

dtubing nominal

4-25
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Cy is the total cost of drilling and completion peelisin US dollars for a well with the same
depth as the wells drilled in our study and withuhing diameter of hing nominai Ghubing IS the
tubing size of interest in inches;,Ns the total number of wells drilled in the gasldi

For the gas well model,&an be expressed as follows:

60.17%
w = ft * Lypert

4-26

Lvert IS the well depth in ft; 60.17%/ft is the averagest of drilling and completion per ft and per
well. This value has been inspired by the resdlth® Joint Association Survey on drilling costs
for onshore gas wellgAS 1992).

A diameter of 8 inches has been chosen for the mantubing diameter. This value of the
nominal tubing diameter and the value of the expoie equation 4-25, have been chosen via
trial and error and gave a good agreement witlttmeept that we were trying to model; which is
that the drilling cost for a large tubing size (12 in) should be much higher than the drilling
cost for a small tubing size (0.5 in-3 in). The paeed cost function is an attempt to capture the

influence of tubing size on the total cost of thejgct. Figure 4-1presents the flow chart of

the MATLAB subroutine for the modified gas well nmedd
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Figure 4-17: Flow chart of the MATLAB subroutine for the modified gas

well model
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Chapter 5

Senditivity analysis

In this chapter, we will present the results ol#difrom the gas well model by applying

it to different production scenarios. We will testveral ranges of values for the selected decision

variables Bh, Oubing Choke @and B and analyze the results. We will be looking at gimity

analysis in pairs in order to show the interconinégt between those variables and we will

examine the effect of the decision variables ormpetion.

These are the scenarios that are going to be tested

Scenario 1: effect of wellhead pressure and tubing

Scenario 2: effect of wellhead pressure and chidee s

Scenario 3: effect of wellhead pressure and gatgesank pressure
Scenario 4: effect of tubing size and choke size

Scenario 5: effect of choke size and gathering taeksure

5.1. Presentation of the case study

In the following sections, we are describing theapzeters that need to be provided to the

gas well model and which describe every unit ofri@st in the production system. The values

associated to the parameters used for this cadg ate inspired by field data used by Kappos

and Economides for their work on gas productionnogation (Kappos and Economides 2005).

These values are fixed when applying the gas nfodalifferent scenarios as we are only trying

to determine the influence of the wellhead presByigthe tubing sizeghing the choke sizeghie

and the gathering tank pressuge P
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5.1.1.Reservoir properties

We are studying a dry gas reservoir with the follayproperties:

Table5-1: Reservoir propertiesfor the case study

PARAMETERS VALUES
Initial reservoir pressure, psia 12000
Reservoir temperature, °R 640

Permeability, md 650
Porosity 19%
Water saturation 0.15
Reservoir thickness, ft 100
Drainage radius, ft 6000
Wellbore radius, ft 0.328
Skin factor 2

Non-Darcy coefficient 0.049

Here are the requirements for production from gais field:
- The lifetime of the project is set to be 30 years
- The ultimate recovery factor is 80%

Changing one of these requirements will modify tibtal field production rate per year, which
will then have an impact on the cash-flow gener#texh the project and therefore change the net
present value.

We are going to take into account reservoir deptetin the choice of the design
parameters. Given, the project requirements, tiogram is able to evaluate the abandonment

pressure that is the pressure at which the fieldreach the ultimate recovery factor of 80%. In

our case, the abandonment pressure is equal to@g4id.
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Table 5-2 contains the reservoir pressure valugisate going to be tested in the program from
the initial reservoir pressure to the abandonmesggure.

Table 5-2: Reservoir pressure values

P.esin psia

12000
11443.1
10886.2
10329.3
9772.4
92155
8658.6
8101.7
7544.8
6987.9
6431
5874.1
5317.2
4760.3
4203.4
3646.5
3089.6
2532.7
1975.8
1418.9

5.1.2Fluid properties

We are considering single phase gas as the flofluidy No phase transition takes place
in the production system during the entire lifetlué project. Table 5-3 contains the gas specific
gravity and the molecular weight.

Table 5-3: Flowing fluid properties

PARAMETERS VALUES

Gas gravity 0.55

Molecular weight, Ibm/Ibmol 16
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5.1.3Tubing system
Here are the parameters that need to be providinx tgas well model concerning the
tubing system:

Table 5-4: Tubing system properties

PARAMETERS VALUES
Pipe roughness in 0.006
Tubing string length, ft 10000
Bottom hole temperature, °R 560
Wellhead temperature, °R 550

5.1.4Surface flow-line properties
The following parameters are used to describe ipelipe connecting the surface choke
to the gathering tank.

Table 5-5: Surface flow-line properties

PARAMETERS VALUES
Pipe roughness in 0.0025
Length, ft 13055

Gathering tank temperature, °R 540

5.2. Scenario 1: Effect of wellhead pressure and tubing size

In this scenario, we are going to run the gas welel using the input parameters

described in section 5.1.We have chosen a broagk rimm the wellhead pressure and the tubing
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diameter. The decision variables, which are thdheat pressure,R, the tubing size ghin, the
choke size gowe and the gathering tank pressugevill take the following magnitudes:
- The gathering tank pressure value is set at 15@0 ps
- The choke size is set at 36/64 inches
- The wellhead pressure will vary from 100 psia t60d psia with a constant increment
- The tubing size will vary from 0.1 inches to 12hes with a constant increment

The values are contained in Table 5-6:

Table 5-6: Wellhead pressure and tubing sizesfor scenario 1

P,nin psia Gruping iN psia
100 0.1
700 0.72632

1300 1.3526
1900 1.9789
2500 2.6053
3100 3.2316
3700 3.8579
4300 4.4842
4900 5.1105
5500 5.7368
6100 6.3632
6700 6.9895
7300 7.6158
7900 8.2421
8500 8.8684
9100 9.4947
9700 10.121
10300 10.747
10900 11.374
11500 12
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Figure 5-1: Well producing capacity versus tubing size and wellhead
pressure (scenario 1) for Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and

Pres=1418.9 psia
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Figure 5-1 displays how the calculated well prodgctapacity varies with changes in
wellhead pressure and tubing size as the reseatepietes in time. As we can see on Figure 5-1,
when the reservoir pressure depletes due to gasigion from the reservoir, there is a decrease
in the producing capacity from the well. This candxplained by the fact that the IPR curve is
shifted downward as reservoir pressure depletesinie, and therefore at fixed operating
conditions, the well producing capacities becomeallen and smaller. In our case, the well
producing capacity goes from 61628 MSCFD (higheshtpon the “WELL PRODUCTIVITY
AT P,s<12000 psia” surface) to 14276 MSCFD (highest pomthe “WELL PRODUCTIVITY
AT P.s1418.9 psia” surface). Those two points corredgona tubing size ofgi,=12 in and
to a wellhead pressure of,2100 psia . For all the reservoir pressures thatpgesented on
Figure 5-1, the highest well producing capacitgh$ained for the same tubing size and wellhead

pressure.

It is noticeable that some areas on the previoats giresented on Figure 5-1 are flat.
Those areas describe the combinations of wellheasspre and tubing size that are not doable;
the program returns,@+~0 for these combinations of wellhead pressuretahihg size. For all
reservoir pressures, we can also observe an ircinedlke well producing capacity by increasing

the tubing size of the well and by decreasing tbhead pressure.
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Figure 5-2 displays the well producing capacitysuer the tubing size, for different
wellhead pressures and at different reservoir press Once again, we can see that as we
decrease the reservoir pressure, we decrease th@ragucing capacity, despite the chosen
operating conditions.

At all reservoir pressures, for a fixed wellheadgsure, we realize that by increasing the
tubing size of the well, we are increasing its piidg capacity. This is due to the fact that for a
fixed pressure drop in the well tubing, an increiastihe tubing size will cause an increase in the
gas flow rate (see Vertical Lift Performance r&aship in section 4.2). More importantly, we
notice that this is true up to a tubing size vallnich is between 5 in and 6 in. Above this value, a
further increase in the size of the tubing strimgl] create no significant improvement in the
production rate; the well productivity curves beeoffat. This can be explained by the fact that
choosing a tubing size, which is too large, carseahe well to load up with liquids and die. It
will also generate an increase in the projectahitivestment. This will be explained in more
details in chapter 6, where we will be discussheydptimization procedure.

As the reservoir depletes due to production, itniticeable that certain wellhead
pressures cannot be used to produce the well.chy ifathis scenario, wellhead pressures vary
between 100 psia and 11500 psia. The wellhead yme=sshat can be used at initial reservoir
pressure range between 100 psia and 10300 psia&vieowas reservoir pressure decreases, the
highest wellhead pressure values do not enableomtincie to produce the well. There is no
common solution to the Inflow Performance Relatiopsand to the Vertical Lift Performance
Relationship. Therefore, the well producing capaditecomes equal to 0. Thus, at the
abandonment pressure (Pres=1418.9 psia), the oamie aisplayed gives the well producing
capacity at Pwh=100 psia, for different tubing siZ€his result is in accordance with what we
observe on the well productivity surface at thenalmmment pressure, when looking at Figure 5-

2. The well produces only for wellhead pressurewyireg from 1300 psia to 100 psia. The
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following tubing size range (0.72 in-12 in) canumed at all reservoir pressures. There is no gas
production at ghin=0.1 in because this tubing diameter is too smallbé able to sustain

production from this reservoir, at any point inéim
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Figure 5-3 is showing the influence of wellheadgsure on the well producing capacity,
at a given tubing size and a given reservoir pressthe gas flow rate has been plotted for the
following tubing sizes: 0.1 in, 0.73in, 1.98 i8.23 in, 4.48 in, 5.73 in, 6.99 in, 8.24 in49.
in, 10.47 in and 12 in. The following reservoir ggares are considered: 12000 psia, 6987.9 psia,
4203.4 psia and 1418.9 psia.

By decreasing the wellhead pressure, we can genamaincrease in the well production
rate. This can be explained by the fact that foomstant well tubing size and a constant reservoir
pressure, decreasing the wellhead pressure iniptiesasing the pressure drop in the well tubing,
which results in an increase of the production (aée Vertical Lift Performance Relationship in
section4.2). For B =12000 psia, B=6987.9 psia and, R =4203.4 psia, we notice that above a
wellhead pressure of 2000 psia, there is no mayeifgiant increase in the gas production rate
from the well. This is true for every tubing sizpresented on the plots. It is also noticeable that
for each reservoir pressure, there is a limit tohighest allowable wellhead pressure value.

At Pres=12000 psia, the maximum allowable wellhgaessure is 10300 psia. This value
decreases as the reservoir pressure depletes am.@bnme1418.9 psia, the maximum
allowable wellhead pressure is 1300 psia.

Furthermore, we can observe that there is an isereathe gas production rate as you
increase the tubing size from 0.72 in to 4.48kor duwing= 0.1 in, the gas production rate equals
0 at all reservoir pressures and for all wellheegbgures. This is due to the fact that this tubing
size is too small to allow production from the watid the well is choked. For tubing sizes that
are higher than 4.48 in, it is remarkable that gas production rate curves are superimposed.
This is another way of displaying the fact thatgessa certain tubing size, there is no significant

improvement in the production rate.
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Figure 5-4 is a top view representing the caledathoke downstream pressure for each
available couple formed by the design parametermtefest in this scenario: tubing size and
wellhead pressure. Since we are looking at 20 watlhpressures and 20 tubing sizes, there are
400 possible combinations,(P duing. From the previous analysis, we can infer thatitferent
reservoir pressures, only some combinations ambag4d00 available will allow to have gas
production from the well. Figure 5-4 displays thatong the doable combinations of tubing size
and wellhead pressure, only a small portion wilhlde to have flow through the choke. This
result is linked to the chosen choke size. In aderi, the choke size is set to be equal to 36/64
in.

The colorbar, which is located next to each subpjiges the choke downstream pressure
range for each color displayed on the plot. Thlishal areas colored in blue represent the non-
doable combinations of wellhead pressure and tubing at a given reservoir pressure. It is
noticeable that the non-doable combination aresilgeger as reservoir pressure decreases, due to
the fact that you need to lower the wellhead pmessuorder to continue production from the
well until you reach abandonment conditions. At#R418.9 psia, the doable tubing sizes range
between 1.35 in and 1.98 in whereas the doableheaall pressures range between 700 psia and
1300 psia. This implies that there is a link betvekoke size, wellhead pressure and tubing size,

which we will try to display in the next scenario.
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Figure 5-5 displays the calculated flow-line digendor different combinations of tubing
size and wellhead pressure, at different resepreissures. It shows the results of the final gtep i
the gas well model which is the calculation of sieface flow-line diameter corresponding to the
given conditions. It ends the series of calculatitimat are conducted from the reservoir to the
surface and links the possible production from wedl to the surface conditions. The results
shown on Figure 5-5 have been obtained using thlepnarlucing capacity calculated in the gas
well model and the choke downstream conditions trete been obtained from the chosen
operating conditions (R, dusing Ghoke Py). The choke size and the gathering tank pressave h
been fixed.

Once again, we can see, whether the doable cotidrinaof wellhead pressure and
tubing size resulting from the calculation of tHeoke downstream conditions, can enable gas
flow from the choke to the gathering tank. Thigisnarily linked to the chosen gathering tank
pressure. Indeed, if for a given combination ofliaedd pressure and tubing size among the
doable solutions according to Figure 5-4, the dated choke downstream pressure is lower than
the gathering tank pressure, there is no solutiothé gas flow equation describing the flow
through the surface flow-line. In that case, tmegpam returns O for the flow-line diameter
value.

The colorbar, which is located next to each subpglees the value of the flow-line
diameter that corresponds to the colors displayedhe plot. When looking at Figure 5-5, we
notice that the area corresponding to the non-éoabmbinations of wellhead pressure and
tubing size is colored in red. This area enlargeseaervoir pressure depletes from 12000 psia to
4203.4 psia. At Pres=1418.9 psia, the area iseiytied. This translates the fact that none of the
(Pwns duning combinations will allow gas flow at the surfaeeen if the well is technically able to
produce. From Figure 5-1 and Figure 5-4, we haee #eat if we choose a tubing size within the

range 1.35in-1.98 in and a wellhead pressure nvitiné range 700 psia-1300 psia, there will be
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gas flow from the reservoir to the surface chokePat1418.9 psia. However, the choke
downstream pressure obtained for these operatindittans is 686.84 psia, which is lower than
the chosen gathering tank pressure. In order ¢avdlbw to occur, you will need to decrease the
gathering tank pressure, to increase the wellheagbkpre or to increase the choke size.

To conclude, the wellhead pressure and the tulsizg directly affect the well
productivity. In terms of gas flow from the undeygnd reservoir to the surface, we can observe
that all combinations of wellhead pressure andnigilsize are not doable when associated to the
chosen gathering tank pressure and choke size. Brermesults obtained at the abandonment
pressure for the well productivity, the choke doingem pressure and the flow-line diameter, we
can see that you will be able to have gas flow ftbenreservoir to the choke throughout the life
of the project by selecting a tubing size withire ttange 1.35 in-1.98 in. The corresponding
wellhead pressures range from 1900 psia to 103@20gtshe initial reservoir pressure. As the
reservoir pressure declines in time, the range @btk wellhead pressures shrinks. At
abandonment conditions, the doable wellhead pressuary from 700 psia to 1300 psia.

However, no flow is possible from the surface chtukéhe gathering tank.

5.3. Scenario 2: Effect of wellhead pressure and choke size

In this case, the objective is to display the imipafcthe choke size and the wellhead
pressure on the production system performance. &ve khe following input for the decision
variables:

- The tubing size is set to be equal to 3.5 inches
- The gathering tank pressure is set to be equd@0 psia
- The wellhead pressure will vary between 100 psid &h500 psia, with a constant

increment allowing to have 20 different wellheadgsures



- The choke size will take subsequent values betBé&hinches and 84/64 inches.

The values used in the program are contained iteT={3:

Table5-7: Wellhead pressure and choke size valuesfor scenario 2

Pun in psia Oehoke iN inches
100 0.125
200 0.1875
1300 0.25
1900 0.3125
2500 0.375
3100 0.4375
3700 0.5
4300 0.5625
4900 0.625
5500 0.6875
6100 0.75
6700 0.8125
2300 0.875
2900 0.9375
8500 1
9100 1.0625
9700 1.125
10300 1.1875
10900 1.25
11500 1.3125
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Figure 5-6: Well producing capacity versus choke size and wellhead
pressure (scenario 2) for Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and
Pres=1418.9 psia

Figure 5-6 represents the results obtained fomtke producing capacity when running
the gas well model at different reservoir pressuiaswe can see on this plot, the well producing
capacity increases as you decrease the wellheadupesfor the four cases of reservoir pressure
that are presented. On the well productivity swefat the initial reservoir pressurge£12000
psia, gas production rates vary from.& 57277 MSFCD at R=100 psia to go+— 14129
MSFCD at Pwh=10300 psia. On the well productivityface at the abandonment pressure

Pes=1418.9 psia, gas production rates vary fromme 11485 MSFCD at =100 psia to
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Opro= 9177.3 MSFCD at =700 psia. However, we can notice that for a givesilhead

pressure, the calculated production rajg; §tays constant despite the selected choke sizge. Th
allows observing the fact that the choke size hasnfluence on the upstream gas flow rate,

which is the gas production rate, coming from tledilvead.
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Figure 5-7: Choke downstream pressure versus choke size and wellhead
pressure (scenario 2) for Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and
Pres=1418.9 psia

Figure 5-7 is a top view of the values obtainedtfar choke downstream pressure after
running the gas well model at different reservaggsures. The colorbar, which is placed next to
each plot gives the range of values taken by tlo&ekdownstream pressure for the different cases
presented on Figure 5-7. Notice that, for scen@rithe tubing size is kept constant and equal to
3.5 in. However, we still have 400 cases correspontb the different possible combinations of
wellhead pressure and choke size. According tatf@rbars on Figure 5-7, areas colored in blue
on the plots represent the combinations of choke and wellhead pressure for whick.R=0,
which translates the fact that there is no solutiorihe choke flow equation for the selected

combination and the corresponding well producingacity. This said, we can realize that as you
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decrease the reservoir pressure, the blue aretagges, which translates that as you decrease the

reservoir pressure less combinations of chokeasidewellhead pressure are doable.

At P.~12000 psia, the doable choke sizes range betw&s® @h and 1.3125 in. The
corresponding wellhead pressures vary between ps@D and 10900 psia. It is important to
observe that the highest choke size value (1.3@P®nables to work with the widest range of
wellhead pressures. As you decrease the choketisezejellhead pressure range gets smaller and
smaller. The smallest choke size of that rangenly doable for wellhead pressures between
10300 psia and 10900 psia. This is in accordante the fact that for a given tubing size, the
highest wellhead pressure gives the smallest feder r

At the abandonment pressurg.{R1418.9 psia), we have the smallest range of éoabl
combinations of choke size and wellhead pressheechoke sizes range between 1.0625 in and
1.3125 in and the doable wellhead pressures range 00 psia to 1300 psia. This information is
extremely important for the design phase. Indeeel,kmow that as we produce gas from the
reservoir, the reservoir pressure decreases amefdhe the amount of gas produced becomes
smaller and smaller. In order to keep a constamdymtion rate, you have to lower the wellhead
pressure as reservoir pressure depletes. Fromracdnave notice that the maximum wellhead
pressure that can be chosen for the well to coatiaproduce is between 700 psia and 1300 psia.
The complement information given by the analysi§igure 5-7 tells us that for a tubing size of
3.5in, only wellhead pressures between 700 pxial®00 psia and choke sizes between 1.0625
in and 1.3125 in will allow gas to flow from thesexvoir to the wellhead and then to flow
through the choke. Therefore, if you assign a chgike within that range to the well in addition
to the other parameters, you can have the insurtiategas will flow from the reservoir to the

wellhead and then through the choke, during theeelifietime of the project.
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Figure 5-8. Flow-line diameter versus choke size and wellhead pressure
(scenario 2) for Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and
Pres=1418.9 psia

Figure 5-8 displays a top view of the calculatedaxe flow-line diameter for different
combinations of choke sizes and wellhead pressateadifferent reservoir pressures. The surface
flow-line is the pipeline that connects the surfabeke to the gathering tank. This pipeline is
described by its length and its diameter. In thasec study, the length has been fixed. The
calculation of the diameter is the last operationducted by the gas well model and it tells us if

gas will flow from the choke to the gathering tdokthe selected conditions.
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The gas model uses the well producing capacity; @nd the choke downstream pressure

obtained from the previous steps in the prograntatoulate the surface flow-line diameter that
will allow the amount of gas,@q to be transported from the choke to the gathdeng.

The colorbar, which is placed next to each ploteg the value of the surface flow-line
diameter corresponding to each color encountereth@mplot. As we can see on Figure 5-8, for
Pres from 12000 psia to 4203.4 psia, areas coloreddrepresent the combinations of choke size
and wellhead pressure for which,g.,+0 i.e. no flow is possible at the surface. In pinegram,
the calculation of ghesuitis conducted only when the calculated choke dawast pressureqRins
for the selected conditions is higher than the ehogathering tank pressurg.PVhen this
condition is not verified, it is physically impob& to have gas flowing from the surface choke to
the gathering tank. Therefore, the program retgrifiras the result forygksustranslates the fact
that the choke downstream pressure obtained frenptévious step in the program is not high
enough to allow fluid flow from the surface cholethe gathering tank. Analyzing the results
presented on Figure 5-8, we can notice that, fraegaI2000 psia to £=4203.4 psia, only certain
combinations of choke size and wellhead pressuiemnable to have gas flow at the surface.

At P.=12000 psia, the doable choke sizes range fronbr8% 1.3125 in. The doable
wellhead pressures range from 2500 psia to 109@0 As the reservoir pressure decreases, we
realize that the area corresponding to the doablabmations of choke size and wellhead
pressure, becomes smaller and smaller. In factyoasdecrease the reservoir pressure, the
allowable wellhead pressures are also decreasimgreiore, you will get lower values for the
calculated choke downstream pressure and fewer ipatidns of choke size and wellhead
pressures will enable gas flow at the surface.

At P.s~1418.9 psia, the area is entirely red. For everplanation of choke size and
wellhead pressure, the program returps+0. This can be explained by the fact that at this

reservoir pressure, we have the lowest allowabléhesd pressures, which range from 700 psia
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to 1300 psia. The calculated choke downstream preger the given choke sizes, is too low to

allow gas flow at the surface. In the design phgee, want to select the parameters that will
allow best the production system to reach the fgtmbluction target during the entire life of the
project. The result from this analysis tells ustthaen if the following ranges of choke size
(1.0625 in -1.3125 in) and wellhead pressure (A&-p300 psia), enable flow through the choke
for the conditions of scenario 2, gas cannot floent the choke to the gathering tank since these
combinations of choke sizes and wellhead presstesslt in very low choke downstream
pressures as compared to the selected gatherik@itessure for scenario 2.

To sum up, if you select a choke size withinrdege 1.0625 in -1.3125 in, you will be
able to have gas flow from the reservoir to théasa, when associated with a tubing diameter of
3.5 in and a gathering tank pressure of 1500 pliaever, you also have to associate this to the
adequate wellhead pressure. At initial reservoisgure, the allowable wellhead pressures vary
from 2500 psia to 10900 psia. At abandonment cmndif a wellhead pressure within the range
700 psia-1300 psia will enable gas flow from theergoir to the surface choke, but no flow will

be possible between the surface choke and thergaghank for the selected choke size range.

5.4. Scenario 3: Effect of wellhead pressure and gathering tank pressure

In this case, we will focus on the interplay betwebe wellhead pressure and the
gathering tank pressure. We have the following tiiputhe decision variables:
- The tubing size is set to be equal to 3.5 in
- The choke size is set to be equal to 1.0625 in
- The wellhead pressure will vary from 100 psia t®0dd psia with a constant increment

allowing to have 20 subsequent values
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- The gathering tank pressure will vary from 500 pg&a5000 psia with a constant

increment allowing to have 20 subsequent values.
Table 5-8 contains the wellhead pressure valuesgatitering tank pressure values which, are

tested in the gas well model.

Table 5-8: Wellhead pressure and Gathering tank pressure values for

scenario 3

Pun in psia Rin psia

100 500.0

700 736.8

1300 973.7
1900 1210.5
2500 1447.4
3100 1684.2
3700 1921.1
4300 2157.9
4900 2394.7
5500 2631.6
6100 2868.4
6700 3105.3
7300 3342.1
7900 3578.9
8500 3815.8
9100 4052.6
9700 4289.5
10300 4526.3
10900 4763.2
11500 5000.0
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Figure 5-9: Well producing capacity versus wellhead pressure and gathering
tank pressure (scenario 3) for Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia
and Pres=1418.9 psia

Figure 5-9 shows how the well producing capaciyamed by running the gas well
model with the conditions of scenario 3, changeth wiellhead pressure and gathering tank
pressure at different reservoir pressures. As wesea on Figure 5-9, the well producing capacity
is not influenced by the gathering tank pressuitee ®nly parameter having an impact on the
value of g,qis the wellhead pressure. At a given gathering faessure, gqincreases as you
decrease the wellhead pressure. However, for @ fixellhead pressure,g Stays constant as

you change the gathering tank pressure valueP&t12000 psia, gq varies from 57277
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MSCFD at Ry=100 psia to 14129 MSCFD a}£10300 psia. At R=1418.9 psia, gq varies

from 11485 MSCFD at =100 psia to 9177.3 MSCFD a}2700 psia.
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Figure 5-10: Choke downstream pressure versus wellhead pressure (scenario
3) and gathering tank pressure for Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4
psia and Pres=1418.9

Figure 5-10 is a top view of the calculated chokevialstream pressure obtained when
running the gas well model for the conditions aérsario 3. The colorbar next to each plot gives
the range of values corresponding to each coloesgmted on the plot. Here again, we can notice
that the gathering tank pressure has no impacherchoke performance. At a given wellhead

pressure, Buns iS constant for the entire range of gathering tardssure (500 psia-5000 psia).
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The choke downstream pressure is only influencethbywellhead pressure. At each reservoir

pressure, there is a range of wellhead pressunesyamong the doable wellhead pressure values

that can be obtained from Figure 5-9, that allow yo have flow through the choke. At

P..<=12000 psia, the doable combinations of wellheasbsure range between 3700 psia and

10900 psia. As you decrease the reservoir pressiugerange of doable wellhead pressures

shrinks, since you have to use lower wellhead pressto be able to keep on producing from the

well. At P.=1418.9 psia, there is gas flow through the challg for P,, between 700 psia and

1300 psia.
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pressure (scenario 3) at Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and

Pres=1418.9 psia
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Figure 5-11 is a top view of the surface flow-lshameter obtained when running the gas

well model for scenario 3.The colorbar that is tedanext to each plot gives the flow-line
diameter value corresponding to the colors encoedten the plot. As we can see on Figure 5-
11, there is a range of doable combinations ofhealll pressures and gathering tank pressures, at
each reservoir pressure. On each plot, the blua designates combinations of wellhead
pressures and gathering tank pressures for whiehptbgram returns pges,,70. For these
combinations, there is no gas flowing in the swfilow-line connecting the surface choke to the
gathering tank.

At P,.&=12000 psia, the doable wellhead pressures areebat®700 psia and 10900 psia.
At a given wellhead pressure, the doable gathetamg pressures correspond to the pressure
values that are lower than the wellhead pressureomsideration. Thus at,23700 psia, the
maximum allowable gathering tank pressure js B578.9 psia. As reservoir depletion takes
place, the area corresponding to the doable comiirsashrinks, since you need to lower the
wellhead pressure to keep on producing from thd. wél P,.=1418.9 psia, the only doable
gathering tank pressure ig=P500 psia for wellhead pressures betwegp=F00 psia and
P.n=1300 psia.

Finally, it is noticeable that at a fixed wellheprkessure, as you increase the gathering
tank pressure, you increase the diameter of tfacflow-line. This can be explained using the
gas flow equation through the surface pipeline &msion 4.2). For a fixed wellhead pressure, a
fixed tubing size and choke size, you will getxefl choke downstream pressure and a fixed well
producing capacity. The square of the pressurerdiftial between the surface choke and the
gathering tank will decrease as you increase thkegag tank pressure. The square of the
pressure differential between the surface choketlamdyathering tank, multiplied by the surface
flow-line diameter raised to the fifth power is atjto the square of the well producing capacity,

multiplied by a constant. Therefore, in order t@jx¢éhe second term of the equation (with the
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well producing capacity) constant, you have to ease the surface flow-line diameter as you

decrease the pressure differential between therthoke and the gathering tank. In other
words, when you increase the gathering tank presdhie surface flow-line diameter also
increases. For instance, aP12000 psia, for R=3700 psia, the flow-line diameter varies from
3.62 in to 6.56 in with gathering tank pressuresnfi500 psia to 3578.9 psia. This is important in
terms of field economics because having a veryelaligmeter for the surface flow-line will be
expensive. However, choosing a very low gatherisugktpressure will also turn out to be
expensive since it means that you will have tocathsbome compressors in order to be able to take
the gas produced to the sales lines. But more itaptly, the selected combination of wellhead
pressure and gathering tank pressure shall allesvpgaduction during the entire life of the
project. In this scenario, at.21418.9 psia, the only doable combination of welthgressure
and gathering tank pressure ig#700 psia and 2500 psia; the obtained flow-line diameter is
4.24 in. Generally, the gathering tank pressufixésl throughout the life of the reservoir. Thus,
we can infer from the previous analysis that a gatly tank pressure of 500 psia should be
chosen for production from the reservoir. We wildirs with a wellhead pressure between 3700
psia and 10900 psia and reduce its value as rdsatepletes with time to reach a wellhead

pressure of 700 psia at the abandonment pressure.

5.5. Scenario 4: Effect of tubing size and choke size

In this scenario, we will examine how the tubingesand the choke size are interrelated
and how they influence the performance of the ptodn system. We have the following input
for the decision variables:

- The wellhead pressure is set to be equal to 10@0 ps

- The gathering tank pressure is set to be equal@@pSia



- The tubing size varies between 0.1 in and 12 ih witonstant increment

- The choke size varies between 8/64 in and 84/&4tha constant increment.

The tubing size values and choke size values ar@ioed in Table 5-9:

Table 5-9: Tubing size values and choke size values for scenario 4
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Grubing iN inches dehokein inches
o1 0.125
0.72632 0.1875
1.3526 025
L9780 0.3125
2.6053 0.375
52316 0.4375
3.8579 0.5
1 4642 05625
5.1105 0.625
c 7368 0.6875
6.3632 0.75
6 9895 0.8125
7.6158 0.875
5 2421 0.9375
8.8684 !
0 4947 1.0625
10.121 1.125
o747 11875
11.374 1.25
2 1.3125
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Figure 5-12: Well producing capacity versus tubing size and choke size
(scenario 4) at Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and Pres=1418.9
psia

Figure 5-12 presents how the well producing capaaiitained when running the gas
well model for scenario 4, evolves with the tubiige and choke size, at different reservoir
pressures. As we can see on Figure 5-12, the chizkehas no direct impact on the well
producing capacity. For a given tubing size, the ftiaw rate is constant for any choke size that is
tested by the program. This is related to the faat we have a fixed value for the wellhead
pressure. At a given choke size, the gas flowiratieeases with the tubing size until it reaches an

optimum tubing diameter, which is between 5 in &nd. At R.s<=12000 psia, the gas flow rate
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varies from 2976.1 MSCFD for a tubing size of Oi730 61330 MSCFD for a tubing size of 12

in. At P.=1418.9 psia, the gas flow rate varies from 8924RICFD for a tubing size of 1.35 in
to 6987.3 MSCFD for a tubing size of 12 in. We st notice that the well producing capacity

decreases as the reservoir pressure depletesmih t
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Figure 5-13: Choke downstream pressure versus tubing size and choke size
(scenario 4) at Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and Pres=1418.9

psia

Figure 5-13 is a top view of the choke downstreamessure obtained for different
combinations of tubing sizes and choke sizes,fidrdnt reservoir pressures. The colorbar that is
located next to each plot, enables to give the eltwkvnstream pressure associated to each color
represented on the plot. The fact that the gas melllel returns a value foryfns which is

different from 0, tells us that there is gas fldwough the choke.
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As we can notice on Figure 5-13, the blue areaamh @lot designates the combinations

of tubing sizes and choke sizes that cannot be tsgoroduce the well, given the chosen

wellhead pressure and the chosen gathering taskyme= As reservoir pressure depletes in time,

the blue area becomes smaller and smaller.

At Pres=12000 psia, the following results are olgdi

For tubing sizes between 0.73 in and 1.35 in, btk choke sizes are between 0.5 in
and 1.3125 in. For a choke size below 0.5 ig./&0; there is no gas flow through the
choke. In fact, the choke sizes below 0.5 in aedimall to sustain the well producing
capacity associated with the selected tubing sizetlze wellhead pressure.

For tubing sizes between 1.35 in and 1.98 in, tbabtt choke sizes range between
1.0625 in and 1.3125 in. There is no flow for al@size below that range; which is due
to the fact that by increasing the tubing size fated wellhead pressure, you increase the
well producing capacity and therefore you imposeadditional restriction to the choke

sizes that can be used for production.

At Pres=1418.9 psia, we get the following results:

The doable tubing sizes range from 1.35into 12 in

For tubing sizes from 3.86 in to 12 in, the doatieke sizes are between 0.75 in and
1.3125in.

For tubing sizes between 3.23 in and 3.86 indibeble choke sizes range from 0.6875
into 1.3125in

For tubing sizes between 2.6 in and 3.23 in, ttebtiochoke sizes range from 0.5625 in
to 1.3125in

For tubing sizes between 1.98 in and 2.6 in, ttebtiochoke sizes range from 0.4375 in

to 1.3125in
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- For tubing sizes between 1.35 in and 1.98 in, trebte choke sizes range from 0.3125 in

to 1.3125in

When you decrease the tubing size, you enlargeldladle choke size range. This can be
explained by the fact that as you decrease theduiize for a fixed wellhead pressure, you
decrease the gas production rate. Therefore, yousasmaller choke sizes at the surface.

It is also noticeable that we have the largest rermbdoable combinations of choke size and
tubing size at the abandonment pressure for thée study. It is important to see how the
operating conditions influence the well performaticeughout the life of the reservoir so

that you can choose values for the decision paemé¢hat will sustain production from the

well from the initial reservoir pressure to the mb@nment pressure.
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Figure 5-14: Flow-line diameter versus tubing size and choke size (scenario
4) at Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and Pres=1418.9 psia
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Figure 5-14 is a top view of the surface flow-lshameter obtained when running the gas

well model for scenario 4. It displays how the cédted surface flow-line diameter changes with
tubing size and choke size. The colorbar, whiclocsited next to each plot gives the surface
flow-line diameter value corresponding to the camaltions of tubing size and choke size. The
calculation of the surface flow-line diameter ig tlast step in the gas well model and tells us if
there is gas flow from the choke to the gatheramkt

As we can see on Figure 5-14, we obtain the sarmgesafor the doable combinations of
tubing size and choke size, as for the choke doeast pressure. On any of the plot, at a given
tubing size, the flow-line diameter is constant &ery choke size. We can infer from this
observation that the choke size has no influencéhersurface flow-line diameter. For a fixed
choke size, the flow-line diameter increases wiith tubing size. This can be explained by the
fact that as you increase the tubing size for adiwellhead pressure, you produce more and
more gas out of the well; therefore, you will neetigger surface flow-line to accommodate the

gas flow at the surface.

5.6. Scenario 5: Effect of choke size and gathering tank pressure

In this case, we will try to display the interplagtween the choke size and the gathering

tank pressure and their impact on the productictesy. We have the following input for the gas

well model:

The wellhead pressure is set to be equal to 10@0 ps

- The tubing size is set to be equal to 1.35 in

- The choke size varies between 8/64 and 84/64 wethnatant increment

- The gathering tank pressure varies between 400 ggila1000 psia with a constant

increment.
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The values used for the gathering tank pressuretlamdchoke size in this scenario, are

contained in Table 5-10:

Table 5-10: Choke size and gathering tank pressure valuesfor scenario 5

Oehokein inches Py in psia
0.125 400.0
0.1875 431.6
0.25 463.2
0.3125 494.7
0.375 526.3
0.4375 557.9
0.5 589.5
0.5625 621.1
0.625 652.6
0.6875 684.2
0.75 715.8
0.8125 747.4
0.875 778.9
0.9375 810.5
1 842.1
1.0625 873.7
1.125 905.3
1.1875 936.8
1.25 968.4
1.3125 1000.0
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Figure 5-15 : Well producing capacity versus choke size and gathering tank
pressure (scenario 5) at Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and
Pres=1418.9 psia

Figure 5-15 shows the well producing capacity thatbtained when running the gas well
model for scenario 5, for various combinations lobke size and gathering tank pressure and at
different reservoir pressures. As we can see oar€i§-15, once the wellhead pressure and the
tubing size have been fixed, the gathering tankgue and the choke size have no influence on
the gas flow rate. The well producing capacityoastant for all the combinations of choke size
and gathering tank pressures that are tested $rstignario. It goes from 13684 MSCFD at P

=12000 psia to 888.35 MSCFD atf>1418.9 psia.
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Figure 5-16: Choke downstream pressure versus choke size and gathering
tank pressure (scenario 5) for Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia
and Pres=1418.9 psia

Figure 5-16 is a top view of the choke downstreaesgure obtained when running the
gas well model for scenario 5. It displays how thigssure is influenced by the choke size and
the gathering tank pressure. The colorbar, whicloéated next to each plot helps obtain the
pressure value corresponding to each color disglayethe plot. The doable combinations of
choke size and gathering tank pressure are theinatidns for which Rnsis different from 0.

As we can see on Figure 5-16, at a given tubing, $he calculated choke downstream
pressure is constant for any gathering tank pressiine range of doable choke sizes increases as
the reservoir pressure depletes with time. Whendexrease the reservoir pressure, it becomes

possible to use lower and lower choke sizes astiniace. At Pres=12000 psia, the doable choke
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sizes range between 1.0625 in and 1.3125 in. A-R#E18.9 psia, the doable choke sizes range

between 0.3125 in and 1.3125 in.
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Figure 5-17: Flow-line diameter versus choke size and gathering tank

pressure (scenario 5) at Pres=12000 psia, Pres=6987.9 psia, Pres=4203.4 psia and
Pres=1418.9 psia

Figure 5-17 is a top view of the calculated surfioe-line diameter versus the choke

size and the gathering tank pressure, for variessrvoir pressures. It displays the influence of

these two decision variables on the surface floe:liThe colorbar that is located next to each
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plot enables to see the value of the flow-line diten associated with each color represented on

the plot.

There is a discontinuity on the surface obtaindtenvplotting the surface flow-line
diameter versus the choke size and the gathenmgptia@ssure. This is due to the fact that for any
combination of choke size and gathering tank presassociated to the tubing size and wellhead
pressure, for which there is no solution to thekehequation, the gas well model returgg,R2=0.

The doable ranges of choke size are the same asndwobserved on Figure 5-16. The only
difference resides in the gathering tank pressiMrany reservoir pressure, there is a limitation to
the gathering tank pressure that is linked to thleier of the choke downstream pressure. When
calculating the surface flow-line diameter, the ggeon verifies that the choke downstream
pressure is higher than the gathering tank pregbatds considered. If not, the program returns
dpipesrus™0; in other words, there is no gas flow in thefate flow-line. The red area on each plot
corresponds to the combinations of choke sizesgatitering tank pressure for which there is no
gas flow in the surface flow-line. As reservoir ggare depletes, the red area gets smaller and
smaller. This is due to the fact that when you lothe reservoir pressure, the well producing
capacity also decreases and therefore, it becomssibte to use smaller choke sizes in the
production system.

To cap it all, at R; =12000 psia, by selecting any pressure in theeratippsia-936.8
psia, there is gas flow for any choke size betwk6625 in and 1.3125 in. Atd&1418.9 psia,
there is gas flow in the surface flow-line for aggthering tank pressure in the range 400 psia-
968.4 psia and for any choke size between 0.3128dn1.3125 in. Since the objective is to keep
the well producing throughout the entire life ofetleservoir (from initial conditions to
abandonment conditions), in this case, you shoeldcs a choke size between 1.0625 in and

1.3125 in, and a gathering tank pressure withérréimge 400 psia and 936.8 psia.
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5.7. Summary of theresults

The chosen decision variables which are the welllpgassure R, the tubing size ghing,
the choke size fw and the gathering tank pressuggdfe interconnected. In this sensitivity
analysis, we were able to display the interplayvieen the decision variables. There are layers of
interconnectivity between these variables. Theleslobtained for the doable combinations of
the decision variables depend on the ranges chiogba different scenarios.

However, the selected ranges for this sensitivitglysis are very wide and do not
necessarily reflect the ranges that are availabléhé industry for the wellhead pressure, the
tubing size, the choke size and the gathering pmaksure. For example, viable tubing sizes that
are used in the industry vary between 1.3 in am (Brown 1977-1984). Extreme values were
taken into account in order to obtain results whigkuld be as general as possible. The results

from this sensitivity analysis are summarized if[€ab-11:
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Table5-11: Summary of resultsfor the sensitivity analysis

Scenario Doable combinations Additional comments

Select the doable range of
tubing size at abandonment
pressure for the entire life of

At P,.&=12000 psia:
Py 1900 psia-10300 psia

Scenario 1 Ouping 0.72in-12 in . .

. . the reservoir and associate the
Genoe=0-5625 in AtPre=1418.9 psia adequate wellhead pressure
Pg=1500 psia and R,,: 700 psia-1300 psia 9 P '

No flow is possible from the
surface choke to the gathering
tank at abandonment conditions

dtubing: 1.35in-1.98 in

Select the doable choke size
range at abandonment
conditions for the entire life of

At P,.&=12000 psia:
Puh: 2500 psia-10900 psia

Scenario 2 Oehoke 0.375in-1.3125 in . .

. . the reservoir and match with
Ghuping=3-5 in AtP=1418.9 psia the adequate wellhead pressure
Pg=1500 psia Pun: 700 psia-1300 psia d P ’

No flow is possible from the
surface choke to the gathering
tank at abandonment conditions

dchoké 1.0625 in-1.3125 in

At P,.&=12000 psia:
Py 3700 psia-12000 psia Select the doable gathering tahk

Scenario 3 Py 500 psia-5000 psia pressure at abandonment
Oehoke1.0625 in At P.&=1418.9 psia conditions for the entire life of
Owping=3.5 in Puh: 700 psia the reservoir and match with

Pg: 500 the adequate wellhead pressure.

At P,.&=12000 psia:

Owping 0.72 in-1.98 in Select the choke size between
Scenario 4 Oehoke 0.5in-1.3125 in 0.5inand 1.3125 in and
P,+»=1000 psia At P.&=1418.9 psia associate with a tubing size
Py= 500 psia Oubing 1.35in-12 in between 1.35 in and 12 in for

Ochoke 0.3125in-1.3125 in the entire life of the project.

At P,.&=12000 psia:

Py 400 psia-936.8 psia Keep the doable combinationg
Scenario 5 Oehoke 1.0625in-1.3125 in of choke size and gathering
Ouwbing=1.35 in At P,.&=1418.9 psia tank pressure at initial reservojr
P.+»=1000 psia Py 400 psia-968.4 psia conditions, for the entire life of

Ochoke 0.3125in-1.3125 in the reservoir.
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Chapter 6

Optimization

The objective of this section is to provide the bamation of decision variables that will
optimize the production from a natural gas fielderms of net present value. We are only going
to focus on the two following units in the prodeactisystem from a well:

- The reservoir

- The well tubing
Therefore, we will examine the following decisioariables: the wellhead pressurg, Bnd the
tubing size dying We will use the modified gas well model to genertdie combinations of these

two variables which will maximize the net presealine of the project.

6.1. Presentation of the case study

We are using the same reservoir as in Chaptertbtinét same properties.

6.1.1.Reservoir properties

The reservoir of interest is a dry gas reservoihihe following properties:
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Table 6-1: Reservoir propertiesfor the optimization procedure

PARAMETERS VALUES
Initial reservoir pressure, psia 12000
Reservoir temperature, °R 640

Permeability, md 650

Porosity 19%
Water saturation 0.15
Reservoir thickness, ft 100
Drainage radius, ft 6000
Wellbore radius, ft 0.328

Skin factor 2

Non-Darcy coefficient 0.049

The following requirements are provided concerrilmggas production contract:

- The lifetime of the project is 30 years

- The recovery factor is 80%
Given the conditions, we obtain the following résufor the abandonment pressure, the total
natural gas reserves, the cumulative gas produetidghe end ofytyears and the total gas field
daily production rate per year:

- P.s1418.9 psia.

-  OGIP=7.745*10"11 SCF

-  Gp=6.196*10"11 SCF

- Qﬁe|d:56585 MSCFD
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6.1.2.Fluid properties

The reservoir fluid is single-phase dry gas with tthllowing properties:

Table 6-2: Fluid propertiesfor the optimization procedure

PARAMETERS VALUES
Gas gravity 0.55
Molecular weight, Iom/Ibmol 16

6.1.3Tubing system
The following values are provided for the tubinggerties:

Table 6-3: Tubing system propertiesfor the optimization

procedure
PARAMETERS VALUES
Pipe roughness in 0.006
Tubing string length, ft 10000
Bottom hole temperature, °R 560
Wellhead temperature, °R 550

6.1.4.Economic parameters

In order to calculate the net present value, aegarameters need to be defined:
The discount rate: it allows the discount of futaesh-flows generated over the life of
the project in order to evaluate them in the predeor most oil and gas companies, the
general trend is to use a discount rate between 498615%. Mian(M. Mian 2002)
recommends the use of the weighted average castpithl approach in order to evaluate

the discount rate. This technique involves estingathe current costs of each source of
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funds (common equity, preferred stock, debt and ather elements in the capital

structure) and finding the weighted average ofctbes.
For this case study, we assume the discount rédte émual to 10%.

- The total annual operating costs per well are asguim be equal to $80000/wéhbdel-
Aal, Bakr and Al-Sahlawi 1992).

- The Initial Investment or Initial Cost per wellesaluated using the power law and sizing
model also suggested by Miéid. Mian 2002); the cost equation can be found in section
4

- The gas price is set at $5/MSQHA 2009). This assumption is inspired by results from
surveys on gas prices conducted by the Energyrivdtbon Administration and by values

found for gas prices in the petroleum engineeritegdture.

6.1.5.Decision variables
We have the following input for the decision valebwhich are the wellhead pressure
and the tubing diameter:
- The wellhead pressure will vary from 700 psia t60Psia
- The tubing size will vary from 1.35 in to 12 in.
The wellhead pressure and tubing size ranges sp&rél from the results obtained in section 5.
We are using such low wellhead pressures as coahparte initial reservoir pressure, because
we are going to calculate the well producing cayaat R.=1418.9 psia. The magnitudes for the

wellhead pressure and tubing size are contain@dlite 6-4.
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Table 6-4: Wellhead pressure and tubing diameter valuesfor the

optimization procedure

Pun in psia @iving IN iINChes
700.00 1.3500
718.42 1.9105
736.84 2.4711
755.26 3.0316
773.68 3.5921
792.11 4.1526
810.53 47132
828.95 5.2737
847.37 5.8342
865.79 6.3947
884.21 6.9553
902.63 7.5158
921.05 8.0763
939.47 8.6368
957.89 9.1974
976.32 9.7579
994.74 10.3184

1013.16 10.8789
1031.58 11.4395
1050.00 12.0000

6.2. Results

The typical production pattern of a gas field gtle®ugh three different phases: the
build-up phase, the constant production phase lamdi¢cline phase. During the build-up phase,
the cumulative gas production for the fielghQincreases as you drill more wells, until you reach
the number of wells Nwhich will allow you to meet the production reqnment for the given

field. Once you reach that condition, you enteo ifite constant production phase and you have to
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maintain that field production during the numbelyefrs specified in the gas project contract or

the lifetime of the project. However, as you proglifcom the wells, the reservoir pressure
depletes with time until it reaches the abandonnpeassure value at the end of the project
lifetime. Our objective in this optimization proage is to establish the type of wells to drill in
order to maximize the net present value of thegutojThe types of wells that are going to be
drilled are determined by the operating conditieakected during the design phase. In our case,
we are focusing on the tubing diametekig and the wellhead pressurg,PThere is a unique
well producing capacity that can be obtained fromp e@ombination of tubing size and wellhead
pressure. Therefore, you will get a correspondatgl number of wells in order to reach.Q a
corresponding initial cost and a correspondingpnmesent value. You also have to make sure that
the chosen conditions will be able to sustain petida in time, as the reservoir pressure declines.
The tubing size does not change throughout the difdhe reservoir. This can be
explained by the fact that once a tubing size liscéed, it fixes the different casing diameters of
the well and therefore the diameter of the holee Wellhead pressure on the other hand, will
change as reservoir depletion takes place. At higéservoir pressures, the well has the ability to
produce much more than at the abandonment presbBheeefore, it is essential to lower the
wellhead pressure for keeping a constant well potidity from the initial reservoir pressure to

the abandonment pressure. This is illustrated garEi6-1.
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Figure 6-1: The effect of reservoir depletion on well producing capacity

Thus the well production capacity obtained at doament pressure will determine the
lowest allowable wellhead pressure, the tubing $ie# should be selected and therefore the
number of wells to be drilled and the well produityi to be maintained throughout the life of the
reservoir. The following results have been obtaimén running the modified gas well model

for the case study ats21418.9 psia.
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Figure 6-2: Well productivity, Initial Cost, Number of wells and Net Present

Value versustubing size and wellhead pressure.

Figure 6-2 presents the results obtained whenimgrihe modified gas well model for
the different combinations of wellhead pressure tahihg size. It shows how the well producing
capacity, the number of wells, the initial cost dne net present value of the project change with
tubing size and wellhead pressure.

As we can see on Figure 6-2, at a given wellheadspre, the well producing capacity
increases with the tubing size. At a given tubiimp,sthe well producing capacity increases as
you decrease the wellhead pressure. The well progleapacity goes from,g~729.75 MSFCD
obtained for gyin=1.35 in and R=1050 psia to f=11355 MSFCD obtained forg,=12 in

and R,=700 psia.
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At a given wellhead pressure, the number of wdbsreases when the tubing size

increases. This can be accounted for by the fattah you produce more from a well with a

larger tubing diameter, you will need to drill legslls to be able to meet the total production of
the field. At a given tubing size, the number ofla/encreases with the wellhead pressure. This is
related to the fact that you produce less fronréiservoir with high wellhead pressures, therefore
you need to drill more wells in order to reach tibil field production. The number of wells goes

from N,= 77 for duing1.35 in and R=1050 psia to = 5 for dyping=12 in and R:=700 psia.

The initial cost takes into account the totallohg and completion cost for a given type
of well. The type of well drilled is linked to theelected tubing size. The initial cost has been
estimated for various combinations of tubing sine &vellhead pressure. It increases with the
tubing size and the wellhead pressure. This istdudhe fact that it becomes more and more
expensive to drill larger wells, even if you onlgillida small number of wells. As the wellhead
pressure increases, the number of wells to beedrdlso increases, which makes the project cost
more. The initial cost varies from $3258.1 fQRig=1.35 in and =700 psia to $4.52*10"7 for
dwhing=12 in and B=1050 psia.

The net present value is positive for all the cimvations of wellhead pressure and tubing
size that have been tested. Therefore the progetdasible for all the tested combinations of
wellhead pressure and tubing size. At a given eelthpressure, we can see that the net present
value increases up to certain value of the tubiag and then starts decreasing. For a given
tubing size, there is an increase of the net ptessne as you decrease the wellhead pressure.
Therefore, the net present value surface suggbatsthere is an optimum value that can be

selected for the tubing size in order to meet thr@ract requirements.



QPROD IN MSCFD

100

% Pwh=700psia ® Pwh=1050psia

WELL PRODUCTIVITY VERSUS TUBING SIZE NUMBER OF WELLS VERSUS TUBING SIZE
12000 T T T T T 80 7 T T T T
| \"ijilliii\'liﬂ I I I | |
I | I I I | | | I |
Lk L L T Ty S (R
1 R REEE R e
I L I I I 60F - — — — [ e - - == o - === —
I I I I I I I I I I
80001 - - - - - -t -~ |- - === t--——= 1= === - | | | | |
I * I I I I 50----- a----- - - - - - 1= ===
I I I I I I I I I I
S R A . _ _ = gL - - JL [ S [
o000 T e REIENENETS Rl . ‘ ‘ ‘ ‘
I I I I I I I I
I I I I I 0F - - - - P [ - —— - [ T
4000 — — — — - -F-———- |- —— == == — I— === —- | | | | |
I I I I I I I I I
* & | | | | 0---~-~ if***r 77777 |- - - - [ [
20001 - - - - oL [ R ] P I I I
*? ! ! ! ! 107f””}+i1}l—oo—o}+o+b+o—o}o—ofqb
$ | | | | | A SRR ERNERRETNENEN ]
0 1 1 1 1 1 0 1 1 1 1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
TUBING SIZE ININCHES TUBING SIZE ININCHES
X 107 INITIAL COST VERSUS TUBING SIZE X 108 NET PRESENT VALUE VERSUS TUBING SIZE
T T T \ \ 9.7 '\' \
I I I I I I | | I
| | | | | L \'..\....\.. | ¥
I I I I 0 9gk---=- e o Sy % |
4 ---- H--- - o= === == - I—===- o6 | | \' & R
» I I I I I I I I I [
> I I I I I ] I I I I I &
* | | | | | 95F - ---g3----- [ - - r-——----"
= ] O __ L __ I _ L ___ ____ _| g i | | | \. L ]
% l l l l , @ 2 ol l : l :
S I I I I \. ) 594777777 77777 roT T [ T [
L : o
f—f | | | | 8 ¥ 93 - - — — [ e - - == o E——
z l l l l g ¥ l l l l l
1----- 4= e |- === [E—— ) B | | | | |
I I I " L 92— == - [ [ T ¥
I I I ' 4 ' LI s I I I I
I | | I I I I I I
0 ' . . . . . . ' ‘1 .' 1 1 91 1 1 1 1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
TUBING SIZE ININCHES TUBING SIZE ININCHES

Figure 6-3: Initial Cost, Number of wells, Net Present Value and Well productivity

versustubing size

Figure 6-3 presents the initial cost, the numbewreifs, the net present value and the well
productivity versus the tubing size for two diffetevellhead pressures.
When looking at the net present value plot, we s that for a certain tubing diameter, the net
present value reaches its maximum. Passed thisgulinmeter, the net present value starts
decreasing. We can estimate that the optimum tubirgy is between 4.71 in and 5.27 in. The
location of the optimum tubing size does not chanijle the wellhead pressure; only the value of

the net present value changes. We have higherestiqt values for small wellhead pressures.
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When looking at the well productivity plot, we camtice that the well producing

capacity increases up to a tubing diameter whidletezeen 5 in and 6 in. Passed this value, there
is no significant improvement of the well producicgpacity. The number of wells to be drilled
does not change significantly for tubing sizes &bévin and it is even at its lowest value.
However, the initial cost plot and net present ggblot tell us that drilling wells with a tubing
diameter larger than 6 in will cost more and geteelass and less profit. The suggested tubing
size range which has been obtained from the cdiocnlaf the net present value is in accordance
with the conclusions from scenario 1 of the sevigjtianalysis.

We can infer from the previous analysis that thst loption is to select a tubing size within the
range 4.71 in and 5.27 in. The wellhead pressussashto operate at the abandonment conditions

should be equal to 700 psia.

The economic evaluation is the last task to bflled during the design phase of a gas
project. An economic analysis is essential bec#uskows the production engineer to evaluate if
the selected decision variables will enable to mem@roduction rate, which will ensure that the
project generates profit. The sensitivity analygisducted in chapter 5 not only displayed the
effect of the different decision variables on th®duction system performance, but it also
generated a set of doable combinations for thesiside variables. However, the conclusions
obtained from the sensitivity analysis only desedilihe technical and physical aspects of the
project. Thus, the application of these techniegluirements to the production system might be
too expensive for the company to carry out thegmtojincluding an economic analysis in the
design procedure, is essential because it allowgydranslate the conclusions from the technical
analysis in terms of generation of revenues wisdhe first goal of any oil and gas company and
therefore to close the gap between the technip@ca®f the project and the finite product which

is the gas that is to be sold.
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To conclude, for the case analyzed in this stusblecting a tubing size between 4.71 in and 5.27

in and matching it with the adequate wellhead presas reservoir depletion takes place, will not
only help meet the technical requirements for tle#l ¥o produce, but it will also generate the

maximum amount of profit among all the availabkeadatives.
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. Chapter 7

Concluding remarks

The objectives of this study were to examine tHeiémce of the tubing diameter, the
wellhead pressure, the choke size and the gathtnivkgpressure on a gas production system and
to determine the optimal combination of decisiomialdes that will maximize the net present
value of a gas production contract. A gas well nhashel a modified gas well model have been
designed in the MATLAB environment in order to helftain the goals of this study. The
following conclusions have been reached:

- The combination of tubing diameter, wellhead pressahoke size and gathering tank
pressure has an influence on the performance ofgtdse production system. Any
association of these four decision variables voll @ways cause the gas to flow from the
reservoir through the well tubing, through the aoef choke and then through the surface
flow-line. In the design phase, it is important fbe production engineer to test all the
available alternatives by analyzing the flow frame treservoir to the surface in a similar
method as the one presented in this work, in otdegnsure that none of its design
parameters will cause the well not to produce.

- The well producing capacity is only influenced bw twellhead pressure and the tubing
size, at a given reservoir pressure. In order talygce more from the well, you need to
associate large diameters to low wellhead presstitesever, there is a limitation to
how large the selected tubing size can be. Youdes@rmine this by calculating the well

producing capacity for the different tubing diametinat are available.



104
- The choke size and the gathering tank pressure drawmpact on the performance of the

surface flow-line. Not all choke sizes can be aisged with a given wellhead pressure
or tubing size. Not all gathering tank pressures ba used with certain wellhead
pressures and tubing sizes.

- The economic analysis in this study was based emw#ilhead pressure and the tubing
size. However, it displayed the influence of thieinig size on the project economics. It
was proven that there is an economic tubing sizemom that can be chosen among
several alternatives. In our case, the economicnopt happens to be in a range that
superimposes itself with the range given for thgsptal optimum that was found in the

sensitivity analysis.

However, there are some restrictions that neee@ taken into account:

- The quantitative results of this study apply onty the reservoir properties, fluid
properties, tubing system properties, surface fio@properties and to the assumed gas
contract requirements. Changing the input paramseteitl therefore change the values
obtained in the sensitivity analysis as well as tkeult of the suggested optimal
combination of wellhead pressure and tubing sizerder to maximize the net present
value of the project. The qualitative results oa tther hand, can be applied to any dry
gas reservoir with the same assumptions that haee taken in this case.

- Only discrete values were tested in this studyrdfoee, it is possible to get more precise
results for the range of values of the tubing sike, wellhead pressure, the choke size
and the gathering tank pressure, by using smalteements.

- Wellhead pressure and tubing size were the onlyisec variables tested in the
optimization procedure. An optimum was found fag tbbing size. We could only notice

that we have higher profits for lower wellhead press. However, we know that having
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low wellhead pressures can become costly latemahe project life because you will

have to compress the gas to be able to reach tiditioms at the sales line. This aspect
was not included in the initial cost function, ®ngou might need to install compressors
at any time during the project lifetime and it eetefore difficult to generalize. In
addition, wellhead pressures as high as 11500 psp@y the use of heavy equipment,
which is extremely expensive and increases th&limaost of the project. The influence
of the choke size and the gathering tank pressurthe profit from the project was also
not evaluated.

The chosen ranges for the decision variables i, $hidy, are very wide and do not
necessarily reflect the ranges that are availablba industry.

It was noticed that the allure of the net presate plot is somewhat related to the
initial cost function. The initial cost equationedkin that study is based on the economics
of scale. After several trial and errors, the delécost function is the one that gave the
best allure in terms of net present value. In fact,clear relationship has yet been
established between the drilling cost of a well #redtubing size. It has been proven that
the drilling cost varies exponentially with the Welepth. It is also recognized that
drilling costs increase when you drill bigger webst there is no explicit equation
relating drilling costs to the tubing diameter tlasre is for the well depth. Therefore, the
equation given in this study is an attempt to gif\athe relationship between the drilling
costs and the tubing diameter. A more precise esmr can be established using
statistical techniques and sufficient field datawever, this was not the objective of this

research.
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For future work, it will be interesting to adaptethvell model and the optimization

procedure to any kind of hydrocarbon reservoir ang kind of flowing fluid. Multi-phase flow
can be analyzed from the reservoir to the surfawk the influence of all decisions variables
presented in this work can also be examined. Binalmore exhaustive cost function accounting

for all decision variables can be established andrporated to the optimization procedure.
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APPENDIX: SOURCE CODE FOR THE MODIFIED GASWELL MODEL

%9%%6%6%%6%%%% %% %% %% %% % % % %% %% %% %% %% %% %00
%% 03/01/2009

%% ANNICK NAGO

%% MODIFIED GAS WELL MODEL
%9%6%%6%%6%%%%%% %% %% %% % %% %% %% %% %% %% %% %0
function  modifiedgaswellmodel()

clear all ;
%9%6%%%%%%%%%%% %% % %% % % % %% %% %% %% %% %% %0
%%DATA INPUT

0%%%

0%%%

0%%%

%9%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %0 %09 0%%%
R=10.73;

Psc=14.7;

Tsc=520;

Tres=640;

Swi=0.15;

Phi=0.19;

Presinitial=input( 'input reservoir initial pressure:' );

tmax=input( 'input the lifetime of the project in years:' ); % Lifetime of
the gas contract in years

REC=input( ‘input the expected recovery factor:' ); % recovery factor
Pwh=linspace(700,1050,20); % wellhead pressure values

dpipe=linspace(1.35,12,20); % tubing diameter values

fprintf( '‘Wellhead pressure:' );

fprintf( \n' );

fprintf( '%8.3f\n"  ,Pwh);

fprintf( \n'" );

fprintf( "Tubing size:' );

fprintf( \n' );

fprintf( '%8.3\n" ,dpipe);

fprintf( \n'" );

Pres=Presinitial;

g=linspace(0,65000,100); % flow rate values
k=650;

h=100;

re=6000;

rw=0.328;

Area=pi*(re”2-rw"2); % drainage area in ft"2
Areac=Area/43560; % drainage area in acres
S=2;

D=0.049;

gammag=0.55; % specific gravity
MW=gammag*28.97,
gamma=(2.738-log10(gammag))/2.328; % specific heat ratio
epsilonw=0.006;

epsilons=0.0025;

Lvert=10000;

Tg=540;

Twf=560;

Twh=550;

Lsurf=13055;

Cw=60.17*Lvert; % Nominal cost of drilling a well in dollars



108

dnominal=8; % nominal tubing size
Opw=80000; % Annual operating cost per well
rate=0.1; % discount rate
Price=5; % Gas price in dollars per MSCF
%9%%6%%%%%%% %% %% %% % % % % %% %% %% %% %% %% %0 %0 %
%% CALCULATING PSEUDO-CRITICAL PROPERTIES
%9%%%% %% %% %% %% %% %% %% % % %% %% %% %% %% % %0 %69
%%%%
Ppc=677+15*gammag-37.5*gammag”2;
Tpc=168+325*gammag-12.5*gammag”2;
%% PARAMETERS RELATED TO RESERVOIR PROPERTIES
[Z,Rho,mu]=calcfluidpropertyl(Tres,Pres,MW,R,Ppc,Tp c);
Zresinitial=2;
Bgi=0.0283*Z*Tres/Pres; %Gas Formation Volume Factor in RCF/SCF
OGIP=Area*h*Phi*(1-Swi)/Bgi; % original gas in place in SCF
Gmax=REC*OGIP% total cumulative production at the end of tmax ye ars
Qfield=Gmax/(1000*tmax*365); % total field production per year in
MSCF/D,
%constant for all the years of production
%9%%6%%%%%%% %% %% %% % % % % %% %% %% %% %% %% %0 %0 %
%% FINDING Reservoir pressure at the end of tmax
%9%%%%% %% %% %% %% %% %% % % %% %% %% %% %% %% %0 %69
P=linspace(0,Presinitial,25);
for u=1:25
[Z,Rho,mu]=calcfluidpropertyl1(Tres,P(u),MW,R,Pp c,Tpe);
Func(u)=P(u)/Z-Presinitial/Zresinitial*(1-REC);
end
%% BISECTION METHOD TO FIND THE RESERVOIR PRESSUREAFTER tmax YEARS OF
%%PRODUCTION
for u=1:24
if (Func(u)*Func(u+1))>0
continue

%%%

0%%%

0%%%

0%%%

end
P_left=P(u);
P_right=P(u+1);
break
end
[Z,Rho,mu]=calcfluidpropertyl(Tres,P_left, MW,R,Ppc, Tpc);
Z_left=7;
F_left=P_left/Z_left-Presinitial/Zresinitial*(1-REC );
[Z,Rho,mu]=calcfluidproperty1(Tres,P_right, MW,R,Ppc ,Tpc);
Z_right=Z;
F_right=P_right/Z_right-Presinitial/Zresinitial*(1- REC);
if (F_left*F_right)<0
while (P_right-P_left)>1
P_middle=(P_right+P_left)/2;

[Z,Rho,mu]=calcfluidpropertyl(Tres,P_middle ,MW,R,Ppc,Tpc);
Z_middle=z;

F_middle=P_middle/Z_middle-Presinitial/Zres initial*(1-REC);
[Z,Rho,mu]=calcfluidpropertyl1(Tres,P_left,M W,R,Ppc,Tpc);

Z left=z;

F_left=P_left/Z_left-Presinitial/Zresinitia I*(1-REC);

if (F_middle*F_left)>0
P_left=P_middle;

else
P_right=P_middle;
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end
end

Pres=P_middle;
else

disp( 'no solution:' );

Pres=0;
end
[Z,Rho,mu]=calcfluidpropertyl(Tres,Pres,MW,R,Ppc,Tp c);
Zmax=Z;

Alpha=1424*mu*Z*Tres*(log(0.472*re/rw)+s)/(k*h);
Beta=1424*mu*Z*Tres*D/(k*h);
%9%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %0 %69
%% CALCULATING THE BOTTOMHOLE FLOWING PRESSURE FORARIOUS FLOW RATES
%9%%6%%%%%%% %% %% %% %% % % %% %% %% %% %% %% %0 %09 B0f Be8e
for m=1:100
Expl(m)=Pres"2-(Alpha*g(m)+Beta*q(m)"2);
Pwf1(m)=Expl(m)™(1/2);

0%%%

0%%%

end
%% FOR EACH SET OF DESIGN PARAMETERS
for n=1:20
disp( ‘outer loop n ' );
disp(n);
for j=1:20

%%%% % %% %% %% % %% %% %% %% % %% %% %% %% %% %0 % % %8 8 0%%%
% Generating flowing bottom-hole pressure with the lati i
%%%% % %% % % %% % % %% % % %% % % %% % % %% % % %% % % %
Tavg=(Twf+Twh)/2;
Pavg=(Pres+Pwh(n))/2;
[Z,Rho,mu]=calcfluidpropertyl(Tavg,Pavg,MW,R,Pp c,Tpo);
for m=1:100

%%%

%%%% % %% %% %% % % %% % %% %% % %% % % %% %% %% % % %9
% CALCULATING Pwf for various sizes of the tubing
%%%% % %% %% %% %% %% % %% %% %% %% %% %% % %% %0 % % %808 Be0R
Zfactor=z2;
density=Rho;
Visc=mu;
Re(m)=20.09*gammag*q(m)/(dpipe(j)*Visc);
ff(m)=(1/(-4*log10(epsilonw/3.7065-
5.0452/Re(m)*log10(epsilonw™1.1098/2.8257+(7.149/Re (m))"0.8981))))"2;
S(m)=-0.0375*gammag*Lvert/(Zfactor*Tavg);
Exp2(m)=Pwh(n)"2*exp(-S(m))+2.685*10"(-

3)*ff(m)*(Zfactor*Tavg)*2*q(m)"2*(exp(-S(m))-1)/dpi pe(j)"5;
if Exp2(m)>=0
Pwf2(m)=(Pwh(n)"2*exp(-S(m))+2.685* 107(-
3)*ff(m)*(Zfactor*Tavg)*2*q(m)"2*(exp(-S(m))-1)/dpi pe()"5)"(1/2);
else
diff2(j,i)=1;

Pwf2_new(m)=1000;

while  min(min(diff2))>0.5
Pwf2(m)=Pwf2_new(m);
F_Pwf2(m)=Pwf2(m)"2-Exp2(m);
dF_Pwf2(m)=2*Pwf2(m);
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Pwf2_new(m)=Pwf2(m)-F_Pwf2(m)/dF_Pw f2(m);
diff2(m)=abs(Pwf2_new(m)-Pwf2(m));
disp(diff2(m));
end
Pwf2(m)=Pwf2_new(m);
end
end

for m=1:100
diffP(m)=Pwf1(m)"2-Pwf2(m)"2;

end

for m=2:100

y(m)=log(q(m));

x(m)=log(Pres"2-Pwf1(m)"2);

end
%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % %%
%% CALCULATING THE WELL PRODUCING CAPACITY FOR EACKCOMBINATION OF PWH
%% AND Dpipe AND FINDING THE NET PRESENT VALUE
%%%% %% %% % %% % % %% % %% %% %% %% %% %% % %% %0 % Yo %88

%%%

%%%

%% beginning of bisection method

disp( 'step:’  );
disp(j);
S(j)=-0.0375*gammag*Lvert/(Zfactor*Tavg);
for m=1:99
if (diffP(m)*diffP(m+1))>0
continue
end
gprod_left(j)=q(m);
gprod_right(j)=gq(m+1);
break
end
K1(j)=epsilonw/3.7065;
K2_qleft(j)=5.0452*Visc*dpipe(j)/(20.09*gammag* gprod_left(j));
K3(j)=epsilonw”1.1098/2.8257;

K4 _qgleft(j))=(7.149*Visc*dpipe(j)/(20.09*gammag*qpro d_left(j)))"0.8981;
c_qleft(j)=log10(K3(j)+K4_qleft()));
b_qgleft(j)=K1(j)-K2_gleft(j)*c_gleft(j);
a_gleft(j)=log10(b_qgleft(j));
ffleft(j)=1/(16*(a_qgleft(j))"2);

F_gleft(j)=Pres”2-(Alpha*qprod_left(j)+Beta*qpr od_left(j)"2)-
(Pwh(n)*2*exp(-S(j))+2.685*10/\(-
3)*ffleft(j)*(zfactor*Tavg)*2*qprod_left(j)*2*(exp( -S(j))-
1)/dpipe(j)"5);

K2_qright(j)=5.0452*Visc*dpipe(j)/(20.09*gammag *qprod_right(j));
K4 _qgright(j)=(7.149*Visc*dpipe(j)/(20.09*gammag*qgpr od_right(j)))*0.8981

c_qright(j)=log10(K3(j)+K4_gright(j));
b_qgright(j)=K1(j)-K2_gright(j)*c_qright(j);
a_gright(j)=log10(b_qright(j));
ffright(j)=1/(16*(a_qright(j))"2);



F_gright(j)=Pres"2-(Alpha*gprod_right(j)+Beta*q
(Pwh(n)"2*exp(-S(j))+2.685*10"\(-
3)*ffright(j)*(Zfactor*Tavg)"2*gprod_right(j)"2*(ex
1)/dpipe(j)*5);

disp( 'F_gleft(j)’ );

disp(F_gleft()));

disp( 'F_qright(j)’ );

disp(F_qright(j));

if (F_gright(j)*F_gleft(j))<0

while (gprod_right(j)-gprod_left(j))>10"-3

gprod_middle(j)=(gprod_right(j)+qprod_left(
K1(j)=epsilonw/3.7065;
K2_q(j)=5.0452*Visc*dpipe(j)/(20.09*gammag*
K3(j)=epsilonw"1.1098/2.8257;

K4_q(j)=(7.149*Visc*dpipe(j)/(20.09*gammag*qprod_mi

c_dq(j)=log10(K3(j)+K4_q(j));
b_q(j)=K1()-K2_q(j)*c_q();
a_q(j)=log10(b_q()));
ff()=1/(16*(a_q())"2);
S(j)=-0.0375*gammag*Lvert/(Zfactor*Tavg);
F_q(j)=Pres"2-(Alpha*gprod_middle(j)+Beta*q
(Pwh(n)"2*exp(-S(j))+2.685*10"\(-
3)*ff(j)*(Zfactor*Tavg)*2*qprod_middle(j)"2*(exp(-S
K2_qleft(j)=5.0452*Visc*dpipe(j)/(20.09*gam

K4 _qgleft(j)=(7.149*Visc*dpipe(j)/(20.09*gammag*qpro

c_qleft(j)=log10(K3(j)+K4_qleft()));

b_gleft())=K1(j)-K2_gleft(j)*c_qleft(j);

a_gleft(j)=log10(b_qgleft(j));

ffleft(j)=1/(16*(a_qleft(j))"2);

F_gleft(j)=Pres”2-(Alpha*gprod_left(j)+Beta
(Pwh(n)"2*exp(-S(j))+2.685*10"(-
3)*ffleft(j)*(Zfactor*Tavg)*2*qprod_left(j)*2*(exp(
1)/dpipe(j)"5);

disp(  'F.a() )
disp(F_a());
disp( 'F_gleft()’ );

disp(F_gleft(j));

if (F_q(@)*F_qgleft(j))>0
gprod_left(j)=gprod_middle());
else
gprod_right(j)=qprod_middle(j);
end
end
gprod(j)=gprod_middle(j);
Pwfprod(j)=(Pres”2-(Alpha*qprod(j)+Beta*qprod(j

disp(gprod(j));

disp(Pwfprod(j));
else
disp( 'no solution' );
gprod(j)=0; % no solution

Pwfprod(j)=0; % no solution
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prod_right(j)*2)-

p(-S())-

Nz,

gprod_middle()));

ddle(j)))"0.8981;

prod_middle(j)*2)-

(i))-1)/dpipe())"5);
mag*qprod_left(j));

d_left(j)))~0.8981;

*qprod_left(j)"2)-

-S(0))-

)*2))"0.5;
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end
if qprod(j)~=0
Nw(j)=Qfield/gprod(j);
InitialCost(j)=Cw*(dpipe(j)/dnominal)*5*Nw(j);
Yearlyrevenue(j)=qprod(j)*365*Nw(j)*Price;
OperatingCost(j)=Opw*Nw(j);
Npv(j)=(Yearlyrevenue(j)-OperatingCost(j))*((1+ rate) tmax-
1)/(rate*(1+rate) tmax)-InitialCost(j);
else
Nw(j)=0;
InitialCost(j)=0;
Yearlyrevenue(j)=0;
Npv(j)=0;
end

end
%% SAVING THE RESULTS%%%% %% % %% %% % %% % %% % % Y% W% 6/0 %0 %0 % % % %% % %

QPROD(n,:)=qprod;
PWFCALC(n,:)=Pwfprod;
NW(n,:)=Nw;
INITIALCOST(n,:)=InitialCost;
YEARLYREVENUE(n,:)=Yearlyrevenue;
NPV(n,:)=Npv;
end
%%PRINT RESERVE ESTIMATES, QFIELD, AND RESERVOIR PROPERTIES AT
%%ABANDONMENT
%%CONDITIONS%%%%%%%%%%%% %% %% %% %% %% %% %9

%%%%%%

disp( 'Presinitial:’ );

disp(Presinitial);

disp( 'Zresinitial:' );

disp(Zresinitial);

disp( 'Pres in psia at tmax:' );

disp(Pres);

disp( 'Zmax:' );

disp(Zmax);

disp( 'OGIP in SCF:' );

disp(OGIP);

disp( 'Gmaxin SCF:" );

disp(Gmax);

disp( 'Qfield in MSCF:' );

disp(Qfield);

disp( 'Field area in acres:' );

disp(Areac);

dimwrite( 'wellproductivitynpv.txt' ,QPROD,'delimiter' )
dimwrite(  'numberofwells.txt' ,NW, 'delimiter’ )

dimwrite(  ‘initialcost.txt' JINITIALCOST, ‘delimiter' )
dimwrite(  'yearlyrevenue.txt' ,YEARLYREVENUEdelimiter' )
dimwrite(  'netpresentvalue.txt' ,NPV, ‘delimiter' )
%%FIGURES%%%%%% %% %% %% %% %% %% %% %% %% %% %9
%%

figure;

subplot(2,2,1);

surf(Pwh,dpipe,QPROD’, 'FaceColor' , 'cyan' ,'EdgeColor' , ‘black’ );

%%%%%
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title( 'WELL PRODUCTIVITY" )

subplot(2,2,2);

surf(Pwh,dpipe,NW', 'FaceColor' , 'red" ,'EdgeColor’ , 'black’ );
title( 'NUMBER OF WELLS'")

subplot(2,2,3);

surf(Pwh,dpipe,INITIALCOST, 'FaceColor' |, 'green’ |, 'EdgeColor' , 'black’ );
title(  'INITIAL COST' )

subplot(2,2,4);

surf(Pwh,dpipe,NPV', 'FaceColor' |, 'blue’ , 'EdgeColor' , ‘'black’ );
title( 'NET PRESENT VALUE' )

hold off ;

figure;

subplot(2,2,1);

plot(dpipe,INITIALCOST(1,:), -+ ),

hold on;

plot(dpipe,INITIALCOST(20,:), ‘g ),

title( 'INITIAL COST VERSUS TUBING SIZE' )
subplot(2,2,2);

plot(dpipe,NW(1,:), )
hold on;
plot(dpipe,NW(20,:), g );

title( 'NUMBER OF WELLS VERSUS TUBING SIZE' )
subplot(2,2,3);

pIOt(depe’NPV(lr)v 'I’-+' ),
hold on;
plot(dpipe,NPV(20,:), g );

title( 'NET PRESENT VALUE VERSUS TUBING SIZE' )
subplot(2,2,4);

plot(dpipe,QPROD(1,:), -+ ),

hold on;

plot(dpipe,QPROD(20,:), 'g-*' ;

title( 'WELL PRODUCTIVITY VERSUS TUBING SIZE' )
hold off ;

%%%% % %% %% %% %% %% %% %% %% %% %% % %% % % %% %0 %0 %R
%% CALCULATING FLUID PROPERTIES WITH THE DRANCHUK AND A
%% CORRELATION FOR THE Z-FACTOR AND THE LEE ET AL C OR
%% GASVISCOSITY

%%%% % %% %% %% %% %% %% %% % %% %% % %% % % % %% % % %8
function  [Z,Rho,mu]=calcfluidpropertyl(T,P,MW,R,Ppc,Tpc)

% Calculating Z factor

A1=0.3265;

A2=-1.0700;

A3=-0.5339;

A4=0.01569;

A5=-0.05165;

A6=0.5475;

A7=-0.7361;

A8=0.1844;

A9=0.1056;

A10=0.6134;

A11=0.7210;

Tpr=T/Tpc;

Ppr=P/Ppc;

%%%

%%%



%Newton Raphson Method
diff=1,;
Z new=0.1;

while diff>107-10

Z=Z new;

F=Z-
((AL+A2/Tpr+A3/Tpr*3+A4/Tpr*4+A5/Tprr5)*0.27*Ppr/(Z
Tpr*2)*(0.27*Ppr/(Z*Tpr))"2-
A9*(A7/Tpr+A8/Tpr*2)*(0.27*Ppr/(Z*Tpr))"5+A10*(1+Al
A2)*(0.27*Ppr/(Z*Tpr)"2/Tpr 3*exp(-A11*(0.27*Ppr/(

dF=(1/Tpr)*(1+(A1+A2/Tpr+A3/Tpr*3+A4/Tpr*4+A5/Tpr'5
[Z+2*(A6+AT[Tpr+A8/Tpr2)*(0.27*Ppr/(Z*Tpr))2*1/Z-
5*A9*(A7/Tpr+A8/Tpr 2)*(0.27*Ppr/(Z*Tpr))"5*1/Z+2*A
M 2/(Tpr*3*Z2)*(1+A11*(0.27*Ppr/(Z*Tpr))"2-
(A11*(0.27*Ppr/(Z*Tpr))*2)"2)*exp(-A11*(0.27*Ppr/(Z

Z new = Z-(F/dF);

diff= abs(Z_new-2);

end

Z=7Z_new;
%Calculating Rho
Rho=P*MW/(Z*R*T);
% Calculating Mu
X=3.5+986/T+0.01*MW;
Y=2.4-0.2*X;
M=X*(Rho/62.4)"Y;
K=(9.4+0.02*MW)*T"1.5/(209+19*MW+T);
mu=10"(-4)*K*exp(M);
end

end

*Tpr)+(A6+A7/Tpr+A8/

1*(0.27*Ppr/(Z*Tpr))
Z*Tpn))"2)+1);

)*0.27*Ppr/(Z*Tpr)*1
10*(0.27*Ppr/(Z*Tpr)

*Tpr))"2));
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