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Abstract

Living in a world where energy consumption is increasing rapidly, the need for petroleum is
also escalating to meet this high demand. To optimize and enhance hydrocarbon production oil
companies are trying to apply best suitable production techniques in producing oil and gas
fields. However, achieving maximum hydrocarbon production under different technical and
economic difficulties is a great challenge for production engineers. When the production
profiles are generated for a production well under different scenarios, the relationship between
reservoir performance and tubing performance should be considered in such a way that the
modelled well will be able to produce hydrocarbons efficiently and well production rate will be

stable.

There are different production techniques that can be selected to produce hydrocarbons from
subsurface formations. Reservoir fluids can be lifted to the surface by either the means of
natural energy available within the reservoir itself or they can be lifted by applying artificial lift
methods. Despite the fact that hydrocarbons are generally produced by natural drive mechanism
at the initial stage of field development where the reservoir pressures are strong enough to push
hydrocarbons to the surface and then suitable artificial lifting techniques are implemented when
the wells cannot flow naturally, artificial lifting can also be applied to maximize production rate
when individual well production rate is low due to lower reservoir pressure available in the

system.

The main objective of this thesis work is to do comparative analysis of effectiveness in
implementation of natural drive and artificial lift methods (gas — lift and pumps) for
hydrocarbon production in West Absheron oil field, which is located in Absheron archipelago,
the Caspian Sea, by using a special computer software package (namely PROSPER) on the
basis of a synthetic well data, namely Well WA-1. The Nodal Analysis is done for natural drive
case and artificial lift techniques, specifically said, electrical submersible pump method and
continuous gas lifting on PROSPER. Darcy method is used to construct inflow performance
relationship curve (IPR) for reservoir performance and Petroleum Experts 2 method is selected
to construct vertical lift performance (VLP) curve and intersection point between these two
curves through system calculations menu is obtained (known as nodal analysis) for natural drive
and artificial lift techniques, specifically said, electrical submersible pump method and

continuous gas lifting.
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All input parameters are inserted into the software and production profiles along with different
sensitivity analysis are performed for natural drive case, ESP case and continuous gas lift case.
Detailed investigation of natural drive, ESP and gas lift theory, their separate design and
production results are achieved. The main idea and theory of artificial lift selection criteria is

also given. The calculated oil production rates for each case are represented below:

e For the natural drive case calculated oil production rate is 17.6 sm3day and flowing
bottom hole pressure is equal to 67.37 atm. It should be noted that in case of natural
drive, the modelled well is producing the lowest volume.

e For the Electrical Submersible Pump case (ESP) system calculations show that the well
can produce 53.8 sm?/day of oil which is quite high volume compared to natural drive
case.

e For the continuous gas lift case, calculated oil production rate is 50.8 sm3/day, and this
volume is also high enough to be considered as an artificial lift technique to maximize

hydrocarbon production.

From the obtained results it is obvious that natural drive case is the least favourable scenario to
maximize hydrocarbon production in West Absheron oilfield. Although calculated oil
production rates for ESP case and continuous gas lift case are almost similar, source for lift gas
is the main challenge in case of applying gas lift system because production wells in West
Absheron oilfield currently produce too little volume of gas (solution gas) which cannot be a
source for gas lifting. That means gas should be obtained from somewhere else, possibly from
a nearby gas producing field that requires much more investment before the system goes online.
Besides, gas lift compression station and all required surface facilities and pipeline network
should be installed in place, thus leading to higher CAPEX. In case of ESP lifting, they require
detailed planning and administrative resources to put them into action. ESPs introduce a higher
degree of complexity and risks in terms of planning and operation. Understanding and
management of ESPs is much more troublesome and riskier. For that reason, it should be
emphasized that in ESP designing, mistakes can be very costly and detailed planning and
engineering is essential for achieving best performance from ESPs. In addition to that, ESPs
are sensitive to changes occurring downhole and fluid properties and consequently have only a
limited lifetime if planning and management of ESP lifting is poor. Hence there will be a need
to change the downhole completion (workover, maintenance) in ESP lifted wells when they
experience failure, leading to increased OPEX later in the project. Comparing this factor to that

of gas lifting system, it should be noted that gas lifting is a very simple, commonly applied
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artificial lift method where little can go wrong. From the obtained results and specifically
unavailability of source gas and required infrastructure in the study area, it can be deduced that
implementation of ESPs to maximize and optimize hydrocarbon production in West Absheron
oilfield seems to be superior choice. However, in reality this planning is far too complex and
production optimization should be done for every well individually considering the available
input data for each well. In case of field production optimization and enhancement, more
sophisticated software is required to make an integrated approach considering the surface
network of present wells and subsurface data. Apart from that, a detailed economical evaluation
of both projects should be carried out to decide which technique is the most economically viable

for hydrocarbon production enhancement in West Absheron oilfield.

Keywords: Production enhancement, production techniques, natural drive, electrical
submersible pump method, gas lift method, nodal analysis, PROSPER software

Referat

Enerji istehlakinin giinii-giindon artdig1 qloballasan diinyada nefto olan tolobat da boytik stiratlo
artmaqdadir. Karbohidrogen hasilatinin intensivlogdirilmasi vo optimallagdirilmas1 moagsadilo
neft sirkotlori neft vo qaz yataqlarini istismar etmok {igiin an uygun istismar tisullarini totbiq
etmoyo calisir. Ancaq qeyd edilmolidir ki, miixtalif texniki vo iqtisadi ¢otinlik soraitindo
karbohidrogen hasilatinin maksimuma catdirilmasi hasilat miihondislorinin qarsisinda duran
boyiik bir ¢otinlikdir. Miixtolif ssenariloro osason istismar quyular1 {i¢lin hasilat oyrilori
qurularkon yatagin vo nasos-Kompressor borusunun performansi arasindaki olago el
tonzimlonmalidir ki, modellasdirilon quyunun uzun istismar donaminds karbohidrogen

ehtiyatlar1 somorali sokildo ¢ixarilsin vo quyunun verimi sabit galsin.

Karbohidrogen ehtiyatlarinin ¢ixarilmasi li¢iin miixtolif istismar iisullart mévcuddur. Bu
ehtiyatlar yer sothing yatagin 6z enerjisi hesabina (hansi ki, bu, fontan tisuludur) vo ya diger
istismar tsullariin totbiqi ilo ¢ixarila bilor. Karbohidrogen ehtiyatlar1 yatagin islonmasinin
ilkin morhalasindo laydaki tozyiqin onlar1 yer sothino ¢ixarmaq tcilin kifayot godor giiclii
oldugundan layin tobii rejimi hesabina vo sonradan layin enerjisi tiikondiyindon digor istismar
tisullarinin totbiqi ilo monimsanilss da, layin enerjisi azaldigina gors diison hasilatin artirilmasi
vo eyni zamanda hasilatin intensivlosdirilmosi moagsadilo do digor istismar tisullari totbiq edilo

bilar.

Bu isin asas moagsadi Xozor Donizinds, Abseron arxipelaqinda yerlogon Qarbi Abseron (QA)
neft yataginda xiisusi bir proqram tominati ilo (PROSPER) Quyu QA-1 némrali qondarma bir
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quyunun molumatlar1 osasinda istismar {isullarinin (fontan, qaz — lift vo MEDN) totbiq
olunmasimin effektivliyinin miigayisoli analizidir. PROSPER proqram tominatinda fontan
istismar Usulu, kompressor istismar iisulu vo MEDN istismar {isullari {i¢iin nodal analizlor
aparilmisdir. Darsi metodu ilo yatagin performans oyrisi vo Petroleum Eksperts 2 metodu ilo
nasos-kompressor borusunun performans ayrisi qurulmus vo bu iki oyrinin kosismo noqtosi

fontan, gaz-lift vo MEDN {isullariin har biri ii¢lin alds olunmusdur.

Program tominatina ilkin molumatlar daxil edilmis vo fontan, MEDN va qaz-lift istismar
tisullart tiglin hasilat oyrilori qurulmus, eyni zamanda miixtolif ssenarilor liglin hesablamalar
aparilmigdir. Fontan, MEDN va qaz lift istismar tisullarinin detalli analizi, hor birinin ayri-
ayriligda modellogdirilmasi aparilmis vo hor ii¢ istismar {isulu {igiin hasilat gostoricilori oldo
olunmusdur. Istismar iisulunun segilmosinda ortaya qoyulan osas sortlor vo miilahizalor do 6z

oksini tapmisdir. Har ii¢ hal iiglin hesablanmis hasilat gostoricilori asagida verilmisdir:

e Fontan istismar iisulu iigiin giindolik neft verimi vo quyudibino diison tozyiq uygun
olarag 17.6 sm3/glin ve 67.37 atm hesablanmigdir. Qeyd edilmolidir ki, modellosdirilon
quyu fontan istismar Usulu ils isladiyi zaman an asagi noticoni gostormokdadir.

e MEDN iisulu ilo isloyacoyi halda modellagdirilon quyunun giindslik neft verimi 53.8
sm3/glin hesablanmigdir vo alds olunan bu gostorici quyunun fontan istismar iisulu ilo
islodiyi halda verimindon toqribon 3 dofo boyiikdiir.

o Fasilosiz qaz lift istismar tisulunun totbiq edilocoyi halda modellosdirilon quyunun
giindolik verimi 50.8 sm?®/glin hesablanmisdir vo bu géstorici do kifayot qodor

ylksokdir.

Oldo olunan naticolor osasinda geyd edilmolidir ki, Qorbi Abseron yataginda karbohidrogen
hasilatinin artirilmasi tigiin quyularin fontan istismar iisulu ils 1slomasi an slverissiz variantdir.
MEDN vo fasilosiz gaz lift istismar {isullarinin totbiq olunmasi halinda hesablanmis giindalik
neft verim qiymatlori bir-birine ¢ox yaxin olsa da, qaz lift istismar iisulunun totbiqi iliglin qaz
manbayi an bdyiik ¢atinliklorin basinda durur. Bels ki, Qarbi Abseron yataginda hazirda islok
voziyyatds olan istismar quyular1 ¢ox az miqdarda gaz hasil edir (bu neftds hall olmus qazdir)
vo bu hacm do qaz lift sisteminin totbiqi tigiin kifayot deyil. Bu o demokdir ki, qaz lift sistemi
ticiin lift qaz1 bagqa bir monbadon, boyiik ehtimalla yaxinliqda yerloson qaz yatagindan oldo
edilmoalidir. Belo olan halda isa, qaz lift sisteminin tatbiq olunmasi ti¢iin boyiik miqdarda kapital
investisiyasina ehtiyac yaranir. 9lavo olaraq geyd edilmolidir ki, qaz lift sisteminin totbiqi tigiin
lazim olan biitlin infrastuktur vo qaz kompressor stansiyasi da tikilmalidir ki, bunlar da daha

cox kapital investisiyasi tolob edir. MEDN istismar lisulunun totbiqi do detalli planlama va
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administrativ resusrlar tolob edir. MEDN istismar iisulunun totbiqi olava ¢otinliklor vo
miirokkobliklori do 6zii ilo birgs gotirir. Bu iisulun planlamasi vo idaras olunmasi daha ¢otin vo
daha risklidir. Bu sobobdon MEDN istismar Gsulunun planlama moarhalasinds edilacak
yanlisliqlar izafi xarclorin formalagmasina gatirib ¢ixara bilor. Ona goro do, MEDN istismar
tisulunun totbiqi ilo maksimum natico aldo etmak {iciin detalli planlama vo miihandisi yanagsma
tolob olunur. Homginin MEDN - lar quyudibindo vo fliiid parametrlorindo bas veron
doyisikliklora ¢ox hossasdir vo bu sobobdon MEDN - larinin islomo miiddati limitlidir vo
MEDN isulu ilo isloyon quyularda nasoslarin siradan ¢ixmasi halinda onlarin yenisi ilo
ovozlonmosi layihonin iglonmo xorclorinin artmasina gotirib ¢ixaracaq. Ancaq gaz-lift ilo
islayan quyularda sistem olduqca sadadir vo bu iisul diinyanin akser yerinds totbiq olunur, hansi
ki, kifayat qodor Oyronilmis tocriibolor asasinda quyularin uzun miiddat qaz-lift sistemi ilo
1slomasi miimkiindiir. ©lds olunmus naticalor vo qaz-lift sisteminin torbiq olunmasi {i¢iin lazim
olan lift-qazinin vo lazimi infrastukturun mévcud olmamasi faktini asas tutaraq Qarbi Abseron
sahasindo karbohidrogen hasilatinin maksimallasdirilmasi vo optimallagdirilmasi iictin MEDN
istismar tisulunun totbiq olunmasinin daha iistiin se¢im oldugu ortaya ¢ixir. Ancaq realliqda bu
planlama olduqgca miirokkobdir vo oldo olan moévcud molumatlar osasinda hasilatin
optimallagdirilmasi har bir quyu iigiin ayriliqgda aparilmalidir. ©lava olaraq geyd edilmalidir ki,
har iki sistemin detall1 igtisadi analizlorini apararaq, Qarbi Abseron sahasinds karbohidrogen
hasilatinin artirilmasi vo optimallagdirilmasi liglim hansi istismar isulunun iqtisadi cohotdon on

somarali oldugu naticesine galmak olar.

Acar sOzlar: Hasilatin artirilmasi, istismar iisullari, fontan istismar iisulu, kompressor istismar

usulu, darinlik nasosu istismar usulu, nodal analiz, PROSPER program tominati
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Chapter 1: Introduction

It is undeniable fact that hydrocarbons and mainly crude oil is the most valuable source of
natural energy around the globe and remarkable accomplishments of modern civilizations
would not exist without crude oil. Crude oil has been still utilised for various purposes in our
daily lives and apart from heavy industry, crude oil finds its applications on different types of

chemical products including medicine, cleaning detergents, cosmetics and so on.

Although crude oil accumulations are classified as non-renewable resources, there are still
tremendous amounts of proved crude oil reserves around the world. According to BP, total
proved oil reserves of all oil producing countries are equal to 1732.4 billion barrels for the end
of 2020 (BP, 2021). And it is estimated that almost 1 trillion barrels of crude oil have already
been extracted. Taking the global demand on energy into consideration, daily production rates
are extremely high compared to some decades ago. In addition to that, E&P companies are
trying to discover new fields in deeper parts of the earth crust together with optimization and

enhancement of hydrocarbon production in the producing fields.

The need for hydrocarbon production optimization and enhancement has always been the main
target for E&P companies and technological advancements have provided required tools for
petroleum engineers to discover the most efficient ways of exploiting hydrocarbon reserves and

maximize hydrocarbon recovery factors as much as possible.

Problem Statement

This section highlights the problem of this research, the aims and objectives of the thesis work,

and the importance of research is outlined here as well.

Thesis Problem

A decision has to be made to increase and optimize hydrocarbon production in the West
Absheron oilfield (located in Absheron archipelago, The Caspian Sea.) where there are still too
much recoverable hydrocarbon reserves in place. Here the main task is to do comparative
analysis of effectiveness in implementation of natural drive and artificial lift methods (gas — lift
and pumps) for hydrocarbon production by using a special computer software on the basis of a
synthetic well data, namely Well WA-1 to accelerate hydrocarbon production in West Absheron
oilfield.
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Aims and Objectives of the Thesis

The thesis work aims to perform comparative analysis in implementation of natural drive and
artificial lift methods including gas-lifting and ESP application in the West Absheron oilfield
to select best production technique for hydrocarbon production acceleration purpose. Here the
objectives include modelling a well with natural drive case and artificial lift methods in a
computer software to determine how production rate changes for each case through finding the
intersection point (solution node) between IPR curve and VLP curve. Moreover, this research
targets to see how the production rate is affected with regards to changes in reservoir parameters

for each scenario and decide on the most suitable one.

Importance of the Thesis Work

This thesis work is done to decide the most suitable production technique in the West Absheron
oilfield, where there is still a significant volume of unrecoverable reserves in place. The main

importance of this research includes:

e Choose the best production technique suitable for increased production rate on the basis
of the well deliverability evaluation
e Make sensitivity analysis to understand the impact of changing parameters on reservoir

performance and well performance for three different production techniques.
Thesis Plan:

This thesis work aims to define the best suitable production technique to implement in West
Absheron oilfield to maximize and optimize hydrocarbon production. For this purpose, this
paper is divided into four main chapters. The followings represent the structure of this thesis

work:

e Chapter 1 includes the main objective of this thesis work and fundamental knowledge
behind reservoir performance and well performance. What is more, the flowchart of
this thesis work, required input data and the computer software that the modelling is
done are covered.

e Chapter 2 provides elaborated information on natural drive mechanism and types of
natural drive, definition of artificial lifting and their most common types applied in the
industry, their working principle and artificial lift selection criteria based on advantages
and disadvantages of each type.
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e Chapter 3 starts with brief info about the geology of the study area and volume of
recoverable reserves. Then a detailed modelling of natural drive case, ESP case and
continuous gas lift case is carried out on PROSPER and obtained results are provided
by means of tables and graphs. What is more, sensitivity analysis is performed to see
how production rates are affected by changing reservoir parameters.

e Chapter 4 finalizes the findings of this work and provides the conclusion on the most
suitable technique that can be considered to increase and optimize hydrocarbon
production in West Absheron oilfield. It also includes some recommendations for

further investigations.

Inflow Performance Relationship

A general definition for reservoir deliverability is that fluid (oil or gas) production rate
that can be achieved from a reservoir at a determined bottom hole pressure. Reservoir
deliverability is a key element in petroleum production engineering, and it plays a vital role in
selection of well completion type and artificial lift methods. In reservoir deliverability
modelling, the relationship between bottom hole pressure and fluid production rate is analysed
and this relationship in petroleum engineering is also called “Inflow Performance Relationship
(TPR)” (Guo, 2007).

A typical IPR curve that shows relation between flowing bottom hole pressure and fluid
production rate is also used to define productivity index (Pl or J in some literature). The slope

of IPR curve is equal to productivity index and it is defined by the following equation:

q
J=———
(Pe - ow)
Here:
q is liquid flow rate.

P, is average reservoir pressure

P, is flowing bottom hole pressure.
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It should be noted that, derivation of IPR curves for single (liquid)-phase reservoirs and

two-phase reservoirs is different and for s

i RVOIR PRESSURE, P A
that reason different models must be g“g 4

oz c=
deployed to construct IPR curves. 2o 25

W 35
(Michael & Curthis H, 1991) States that S§ e

(++]
the simplest and commonly used IPR mﬁ Put, 1

Za
equation in production engineering is the SOPEnt
straight-line IPR curve and it shows that %, A0 max

OIL RATE, Qo STB/D

surface flow rate is directly proportional to
. . . Figure 1. Straight-Line IPR Curve (Beggs, 2008)

pressure drawdown in the reservoir. This

relationship is given in the Figure 1 and some important features related to this curve are given

below:

e When the flowing bottom hole pressure is equal to reservoir pressure, then surface flow
rate is equal to zero, meaning that there is not any pressure drawdown to initiate liquid
flow.

e When the flowing bottom hole pressure is equal to zero, that means drawdown pressure
will be maximum and surface flow rate will also be maximum. This is given by AOF
(absolute open flow) or gmax Which is practically impossible to achieve.

e Slope of IPR curve is equal to the reciprocal of the PI (productivity index, also known
as J).

From the relationship between flowing bottom hole pressure and liquid flow rate, it is obvious
that straight-line IPR curve is only applicable for under saturated oil reservoirs where there is
only one phase present in the reservoir condition. So, construction of straight-line IPR curve
assumes that oil is under saturated. However, this condition is not applicable to gas reservoirs
or saturated oil reservoirs (because of having highly compressible nature) (Michael & Curthis
H, 1991). In case of saturated oil reservoirs, the dissolved gas comes out of the solution and
becomes a free gas. This free gas leads to reduction on relative permeability to oil and increase
on oil viscosity. Both effects cause lower liquid production rate at a given pressure drawdown.
Thus, there will be a deviation from linear trend in IPR curve when the reservoir pressure is

below than bubble point pressure (Guo, 2007).

In literature there are several empirical equations to model IPR of two-phase reservoirs
and among them Vogel’s (1968) equation is more commonly used for modelling of oil well

performances in saturated oil reservoirs (Economides & Nolte, 2000):
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2

P P
Qo _1_02%_o8 (lf)
qo,max P P

Here g, max represent the maximum oil flow rate (AOF) when the flowing bottom hole

pressure is equal to zero (P, = 0):

Gmax = 1.8

In some cases, reservoir pressure is

above the bubble point pressure, but flowing
bottom hole pressure is below the bubble point
pressure. In order to construct an IPR curve for

this type of scenarios, a straight-line IPR model

above the bubble point pressure and Vogel’s

IPR model below the bubble point pressure are

deployed (Guo, 2007). The following % AOF

comments are given to describe the Figure 21 0,05 Tynical IPR curve of partially two-phase

reservoir (Guo, 2007)
- Linear IPR model at the bubble point

pressure is defined by:

Q=] *(P—Py)
- Based on Vogel’s IPR model, flow rate below the bubble point pressure is given by:

Pys Pur\’
= 1—0.2——0.8(—)

- Here:

] * Py
1.8

qy =

Rearranging the equation leads to the below equation:

= ]*Pb ow (ow>2
= P—P X|1—02——-08—
q=J*x(P=P)+=g P, P,
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Factors affecting IPR

There are some reservoir parameters which have an effect on IPR. Those parameters
include rock and fluid properties, reservoir pressure, skin factor, well geometry and well
flowing pressure. If viscosity of the oil increases, then flow velocity of the oil through the
porous medium decreases, so that, this gives rise to a drop in productivity index. On the other
hand, it is quite obvious that, high reservoir pressure will give higher oil production rate.
Additionally, system deliverability rises to a point when the skin factor is decreased by well
stimulation techniques such as acidizing or fracturing. After that point, reduction in skin factor

will not cause any increase in system productivity (Beggs, 2008).

Outflow Performance Relationship

Wellbore flow performance is an essential tool to evaluate the performance of the
production tubing by plotting the fluid production rate versus flowing bottom hole pressure. In

literature  outflow performance

6000

relationship is also called tubing

performance relationship (TPR) or

5000 | .

vertical lift performance (VLP).
VLP is used to determine required

I
=
[==]
L]

\\
N

3000 \ N

\___,?.“13_]

bottom hole flowing pressure to

transfer fluids flowing at different

flow rates to the surface. (Lyons,
2000

Bottomhole flowing pressure, p

2016) As it is obvious from the

Figure 4 there are eight pressure 1000 \PR

drops in the flow path of formation \

fluid and the fluid must overcome all 00 00030003000 00050008000
pressure losses to move to the Flow rate, q

surface facility equipment Figure 3. Typical IPR and VLP curve to predict well deliverability

. (Economides & Nolte, 2000)
(Economides & Nolte, 2000). VLP

allows the production engineer to minimize pressure losses along the flow path and maximize
the well production. In order to plot VLP for a typical well, either wellhead pressure or flowing
bottom hole pressure is fixed at a given flow rate. Then the pressure drop along the production
tubing is calculated on the basis of correlations or engineering charts. Then flowing bottom hole
pressure is plotted against production rate and the resultant relationship gives VLP curve
(Michael & Curthis H, 1991).
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Figure 4. Pressure losses along the system (Economides & Nolte, 2000)

IPR and VLP curves are used to evaluate production capacity of a well. This evaluation
in production engineering is known as Nodal Analysis where the well deliverability is analyzed
based on reservoir performance and well performance. In the nodal analysis a solution node is
selected within the system (Tetoros, 2015). At the solution node the system is divided into two
sections. Either bottom hole or wellhead can be selected as a solution node. If for example,
bottom hole is selected as a solution node that means fluid flow from reservoir into the bottom
hole of the well is regarded as inflow that is reflected in IPR curve and the fluid flow from the
bottom hole to the wellhead through the production tubing is regarded as outflow, which is
displayed in VLP curve. The intersection point of IPR and VLP curves provide the stabilized
flow rate which is also the natural flow point. It should be noted that when these two curves are
not intersecting, that means the well will not naturally flow and some artificial lifting should be

taken into consideration (Economides & Nolte, 2000).

Pressure drop calculations
The total pressure drop in a well is the sum of the pressure drop due to frictional forces (APs),

gravitational energy change (APg) and kinetic energy changes (APx).
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AP = AP; + AP, + AP,

Pressure drop due to frictional forces:

2frpu*L
APf = T
Where f: The Moody friction factor

In laminar flow it is a simple function of the Reynolds number.

The Reynolds number is used to determine the type of flow which is recognized by certain

boundaries between flow regimes.

NRre < 2000: Laminar flow

2000 < NRre <4000: Transition between laminar and turbulent flow
4000 < Nge: Turbulent flow

Pressure drop due to kinetic enerqgy change:

AP, = p(uj —ui)

Pressure drop due to potential energy change:

AP, = gpLsin
where @: the acceleration due to gravity,
p: fluid density,
L: the length of the pipe and
0: the angle between horizontal and the direction of flow

Factors affecting the VLP curve

VLP is influenced by some parameters including production rate, PVT properties, tubing size,
well depth, surface pressure, water cut, GOR/GLR and restrictions such as scale, waxes.
Generally, an increase in tubing size leads to higher production rate on the other hand, smaller
tubing diameters give rise to increasing the pressure drop due to the frictional losses within the

tubing and this in turn cause to increase the bottom — hole pressure. and this in turn, affects
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VLP curve shape. Another significant parameter that should be taken into account is water cut.
So, higher water cut results in decreasing the GLR eventually increasing average fluid density.
This means, more pressure will be required to lift heavier fluid up to the surface (Production
Technology - 1, 2015).

Methodology

This section briefly covers the flowchart of this research procedure, the available data to analyse
reservoir performance (IPR) and well performance (VLP) for Natural Drive case, ESP case and
Gas Lift case and the computer software that is required to perform calculations and sensitivity

analysis for each production techniques.

Flowchart of Research Procedure

The following figure represent the flowchart to achieve the objective of this research.

Required data
for Well WA-1

Natural Drive
Case

ESP Case

Gas Lift Case

IPR Curve VLP Curve

Construction Construction

IPR Curve VLP Curve

Construction Construction

IPR Curve VLP Curve

Construction Construction

Obtaining
Intersection
Point

Obtaining
Intersection
Point

Obtaining
Intersection
Point

Final Decision

Figure 5. Flowchart of research procedure
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Required Data

The data needed to perform calculations and make final decision is as follows:

e PVT data

e Reservoir Data

e Equipment data: this includes downhole equipment, deviation survey, geothermal
gradient, and average head capacities

e Gas lift data for gas lift case

e ESP data for ESP case

Summary of required input data is for IPR curve generation is given in

Table 1. PVT data

PVT properties Value Unit
Solution GOR 31.632 ms3/m3
Oil gravity 806.509 kg/m?
Gas gravity 0.65 sg
Water salinity 76580.7 ppm
Mole percent H2S 0 %
Mole percent CO2 0.2 %
Mole percent N2 0 %

Table 2. Reservoir and wellbore properties

Properties Value Unit
Reservoir pressure 82 atm.
Reservoir temperature 34 °C
Water cut 5 %
Total GOR 31.632 m3/m?
Reservoir permeability 30 mD
Reservoir thickness 13 m
Drainage area 750000 m?
Dietz shape factor 31.6 unitless
Skin factor 3 unitless
Wellbore radius 6 inches
TD 750 m MD
TD 620 m TVD
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Required Software

In this research project, PROSPER software is used to perform calculations, construct IPR and VLP
curves, obtain intersection points and do sensitivity analysis. PROSPER is a very useful and powerful
tool that enables production engineers to obtain inflow/outflow performance curves, create IPR and VLP
models, select best artificial lift method, do well perforation design and so on based on the minimum
required data (IPM PROSPER User Manual ,Version 11.5, January 2010). The software is a product of
Petroleum Experts Limited (PETEX), located in UK and one of most used software in the petroleum

industry.

Chapter 2: Hydrocarbon Production Techniques

It is generally true that in newly developed fields the hydrocarbons can flow naturally to the
earth surface through the production tubing due to sufficient reservoir pressure to push reservoir
fluids. However, through time the reservoir pressure may drop due to depletion if pressure
maintenance actions have not been taken in the field. In these cases, reservoir fluids may not
flow naturally to the surface because of insufficient reservoir pressure and to lift hydrocarbons
to the surface artificial lift techniques can be applied. Therefore, artificial lifting helps
production engineers to make the “dead” wells alive and to achieve increased hydrocarbon
production in the producing wells. In the following subsections the natural drive mechanisms,
types of artificial lift methods and artificial lift selection criteria are covered in detail.

Natural Drive Mechanisms

Primary hydrocarbon recovery refers to the production of hydrocarbons by the help of natural
energy available in the reservoir without supplementary aid from other sources like fluid
injection into the reservoir. This natural energy is also known as “natural drive mechanism”.
As (Tarek & D.Nathan, 2012) states, knowledge on reservoir drive mechanism is playing a vital
role in understanding fluid behaviour within the porous medium and future fluid production
forecasting. This drive mechanism is the main energy source to push hydrocarbons towards the
producing wells. Generally, six reservoir drive mechanisms are present which provide the

available natural energy support for hydrocarbon recovery (Tarek & D.Nathan, 2012):

Gas cap drive
Water drive

Gravity drainage drive
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Solution gas drive
Rock and liquid expansion drive

Combination drive

Gas Cap Drive

Reservoirs with gas cap are characterized by having a free gas zone on top with
negligible water production. Here the main drive mechanism is expansion of the gas cap. As
the gas cap expands due to the oil recovery, reservoir pressure declines slowly and almost at a
constant rate. Ultimate oil recovery due to the expansion of gas cap may range from 20% to
40%, but it largely depends on the factors like size of original gas cap (oil recovery is directly
proportional with the size of gas cap), vertical permeability, viscosity of oil (high oil viscosities
will lead to gas bypassing and lower oil recovery), conservation of gas cap (wells producing
higher amount of gas should be shut in to keep gas cap support in place) and also dip angle of
the formation rock (steeply dipping formations cause good oil drainage to the bottom of the

structure and this will lead to higher recovery factors up to 60%) (Tarek & D.Nathan, 2012).

Water Drive

Many reservoirs in a worldwide are bounded by water-bearing formations that are
known as aquifers. For that reason, water-drive reservoirs are also called aquifer-supported
reservoirs (Tarek & D.Nathan, 2012). The size of aquifers may be so large compared to
hydrocarbon bearing strata itself or it can be so small that its impact on hydrocarbon recovery
may be neglected. In water drive reservoirs while the hydrocarbons are extracted waterfront
advances to take place of the produced oil or gas and displaces the hydrocarbons towards the
producing wells (George R, 1946). Thus, reservoir pressure compared to gas cap drive
reservoirs remains at a higher levels and pressure reduction is almost gradual (mainly depends
on production rate). In terms of ultimate hydrocarbon recovery water drive mechanism yields
largest values compared to all other drive mechanism (may be in a range of 35-75%) (Djebbar
& Erle C, 2015). However, degree of heterogeneity should be considered to achieve higher
recovery factors when dealing with more heterogeneous reservoirs (waterfront moves faster in
high permeability zones, leading to earlier water-cut and earlier economic limits) (Tarek &
D.Nathan, 2012).

Gravity Drainage
Gravity drainage drive mechanism generally relies on the gravitational segregation of
fluids in the porous medium due to differences on densities (Tarek, Ahmed, 2018). The

reservoirs with gravity drainage are often characterized as being heavy oil reservoirs, but for
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gravitational segregation, it will need sufficient time (Djebbar & Erle C, 2015). Production rates
from gravity drainage reservoirs are generally low because gravitational segregation process

continues at a low speed, but ultimate recoveries may reach up to 70% (Tarek, Ahmed, 2018).

Solution Gas Drive

In reservoirs with solution gas drive (or depletion drive in some literatures) fundamental
source of energy is gas liberation from the solution due to the reservoir pressure decline and
subsequent solution gas expansion (Tarek & D.Nathan, 2012). In order to have this type of
energy source, reservoir pressure should fall below the bubble point pressure, thus leading to
gas expansion and this expansion forces oil droplets out of the pore space. Mostly reservoir
pressure declines continuously due to the absence of external energy support like gas cap or
aquifer (Cole, 1969). Absence of aquifer support below also leads to little or no water
production during the entire life of the reservoir (Tarek & D.Nathan, 2012). Moreover, solution
gas drive reservoirs are exemplified as having higher GOR ratios and formation of secondary
gas cap due to the pressure fall below the bubble point pressure. However, to have a secondary
gas cap formation vertical permeability must be good enough (Clark, 1969).

Rock and Liquid Expansion Drive

When the pressure of an oil reservoir is above its bubble point pressure, then this type
of reservoir is called an undersaturated oil reservoir (Dake L, 1983). As the reservoir pressure
declines due to the fluid withdrawal, the reservoir rock and formation fluids expand, and this
expansion leads to the reduction in the pore volume. Drop on pore volume pushes oil and water
out of the rock pore space towards the producers (Tarek, Ahmed, 2018). On the other hand,
since both liquids (oil and water) and formation rock are considered as slightly compressible,
there will be a sharp fall on reservoir pressure (Tarek & D.Nathan, 2012). For that reason,
reservoirs having this type of natural energy source are achieving very low hydrocarbon
recoveries, ranging between 3% and 5% (Djebbar & Erle C, 2015).

Combination Drive Mechanism

Generally, the hydrocarbons reservoirs are characterized as having more than one
driving mechanism, which is called combination drive. Among the possible scenarios
combination of solution gas drive with a small free gas cap (gas cap drive) and aquifer support
(water drive) is more commonly encountered (Tarek & D.Nathan, 2012). Nevertheless, pressure
support by both water encroachment below and gas expansion above is not adequate to keep

reservoir pressure as high as possible and this leads to rapid pressure reduction. In addition to
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this, ultimate hydrocarbon recovery under this type of drive mechanism is between recovery

factors from solution gas drive and water or gas cap drive (Tarek & D.Nathan, 2012).

Artificial Lifting
Depending on the natural energy available in the reservoir, hydrocarbons naturally flow to the
surface at the early stages of the field development because the reservoir pressure is high

enough to support natural flow.

Zero pressure at wellhead

These naturally flowing wells

— Q=0

have sufficient energy to push
oL Siatic Liquid Levelin ___
hydrocarbons to the surface. Tubing and Annuius
However, when the wells are

not capable of flowing

Depth

naturally since bottom hole

pressure is inadequate to 3

rasanoir

L

overwhelm the total pressure

The well is unable to flow naturally due to the

losses a|0ng the fluid flow path reservoir pressure being less than the
hydrostatic head of the liguid

-—

2

5

2

O

B

T,

@

Production Rate

or the production rate is not

) ~ Figure 6. Typical well profile which is naturally unable to flow
high enough to be economic, (production Technology - 1, 2015)

then artificial lift (AL) is required to be implemented (Takacs, Sucker-Rod Pumping Handbook,
2015). As it is obvious from the Figure 6, this well cannot flow naturally because reservoir
pressure is less than the hydrostatic pressure due to the liquid column in the wellbore and the
well is only capable of pushing hydrocarbons up to some level. Thus, an artificial lifting must

be deployed to “initiate” fluid flow in this well.

Types of Artificial Lift Methods

Introduction

Basically, there are two artificial lift methods in production engineering. It can be either
downhole pumping or gas lift (Michael & Curthis H, 1991). In case of downhole pumping a
specially designed pump is lowered into the well and it operates at the bottom. This downhole
pump aids the movement of hydrocarbons from the bottom hole to the wellhead by eliminating

the backpressure when the fluids flow through the production tubing. In case of gas lifting,
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natural gas is injected into the tubing/casing annulus and from the annulus injected gas flows
into production tubing through gas lift valves, and this injected gas mixes with the fluid column

within the tubing, reduces its density and thus hydrostatic pressure at the formation rock.

Gas Lift

In gas lifting high-pressure gas (mainly natural gas, however N2 or CO2 may be used as well)
Is injected into the production tubing at some downhole point or points (Takacs, Sucker-Rod
Pumping Handbook, 2015). There are two types of gas lift systems:

- Continuous Gas Lift
- Intermittent Gas Lift

In a continuous gas lift system, the high-pressure gas is continuously injected into the
tubing/casing annulus to enhance potential of well flow. As the gas mixes with the fluid inside
the tubing it aerates and its density decreases. This by nature reduces hydrostatic pressure due
to the fluid column and frictional pressure drop within the tubing. All these factors lead to

decrease in the flowing bottom hole pressure and well starts to flow (Abdin, 2000).

The high-pressure gas injected into the tubing/casing annulus forced through the gas lifts valves,

kill fluid is displaced through

the gas lift valves, which are | Injection gas from = Production

. . the compressor — 8 | fluids to
open, into the tubing. As the the separator

injected gas goes on to displace First unloading

and unload the annular Kkill valve

fluid, casing pressure will rise

and artificial lifting capability ]
) L Second unloading -

will be maximized. Several valve j

unloading valves are fitted on

the production tubing that are

used to unload the well and an Operating valve

(usually an orifice

operating valve or master valve
p g valve) = = Packer

that is an orifice type valve is

fitted at the deepest position to

control the gas injection point Figure 7. Typical completion of a gas lifted well (Hernandez, 2016)

and it never closes (Tetoros, 2015) (Figure 7).
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When the fluid in annulus is unloaded through the first valve, the casing pressure will get its
designed kick-off pressure. This pressure is quite enough to cause to fall level of the casing
fluid below the first mandrel and allow gas injection through the top valve. This injected gas,
as mentioned above, gives rise to a less gradient inside the tubing allowing the well to unload
the kill fluid entering the tubing through the lower valves when the well proceeds to unload.
When the fluid in annulus is transferred to the second valve, injected gas starts entering the
tubing through the second valve. The injection of both the first and second valve exceeds the
throughput of the surface input choke causing a casing pressure to reduce. This reduction leads
to the top valve to close. During the unloading process, gas injection proceeds through the
second valve, produced well fluids and displaced kill fluids are lifted. It should be noted that
when the well is unloaded through the second valve, the static bottom hole pressure is greater
than the pressure at the bottom of the tubing. This differential pressure, which is called a
drawdown, give rise to produced fluids to flow into the well. The above procedure is done
again, when the casing fluid is unloaded down below an extra valve, closing the upper valve
when the unloading process goes on to the deepest point of gas injection. There is a pressure
recorder at surface, which records a casing pressure drop every time a valve closes. An
indication of the valve operating depth can be achieved by a reading of the recorded pressure,

which is obtained during the well unloading (Shell, 1993).

In the continuous gas lifting operation, the well first is fully unloaded through the unloading
valves and once the steady-state flow is established, only the operating valve will be in an open

position and gas injection will continue through this valve. (Lyons, 2016)

In the intermittent gas lift operation, the high-pressure gas is injected periodically to displace a
liquid slug within the production tubing to the surface. This type of AL is generally applicable
for wells when PI of the well or reservoir pressure is very low. The mechanism behind
intermittent gas lifting is that when a proper column of liquid slug builds up in the production
tubing relatively high volume of pressurized gas is injected below this liquid column and it
pushes that column to the surface. Then gas injection terminates until another liquid column at
the bottom of production tubing forms. As it is obvious from the operations, intermittent gas

lift is a cyclic process. (Hernandez, 2016)

Sucker Rod Pump
Sucker rod pump, rod pump, reciprocating pump or pump jack is the first type of artificial lift
method applied in the petroleum industry and it is still in use worldwide, including Azerbaijan.

This type of artificial lift method is generally applicable in wells that have very low fluid
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production rates. (Nguyen, 2020) Due to its mechanical simplicity and low operating cost rod
pump is a good candidate to be applied in such low fluid volume operations. It should be
highlighted that this type of pump is not capable of handling restrictions due to the friction
between the tubing wall and rod in deviated or horizontal wells. In a simple definition, rod
pump consists of surface unit, downhole pump and polished rod and sucker rods that provide
connection between surface equipment and downhole pump (Figure 8). The basic principle

behind rod pump is as followings (Takacs, Sucker-Rod Pumping Handbook, 2015):

- The surface equipment converts rotational motion provided by prime mover to the
reciprocating motion via a mechanical configuration
- This reciprocating motion is transferred to polished rod and from that to sucker rods

- The sucker rods drive the downhole pump plunger

Inside the downhole pump unit there are pump barrel, plunger, traveling valve and standing

valve. The standing valve (it is stationary) is placed at the bottom of the pump barrel. However,

traveling valve is mounted at

Horsehead Walking Beam
the top of hollow plunger. /T II I'/
These valves act as non-return Saddie - s
Bearin :
valves because they contain a wiretine N/ S5E5" " g
y Hanger Pitman
i i Ladder Wrist Crankshaft
ball and when this ball is Pin Cantix
) Carrier ° ofs Reducer Sheave
seated it closes the passage for Bar e
. . \L’Po'gslzied Crank I Motor Base
fluid movement. During the o u
Wellhead Countee /« Brake
eig
upward rod movement —TT T el
B . /x /) 7. A "
(upstroke) the pressure inside , i Basé oducr
Flowline »>77x< AN Base

pump  barrel  decreases,

standing valve opens and it

——Casing

allows formation fluids

entering the pump barrel. @ ;ﬁ";ﬁng
During the upstroke traveling

valve is in closed position due
to the weight of liquid column l P
O

Barrel

above the plunger. The

reverse process occurs during
the downward rod movement Figure 8. Typical schematic of SRP (Beggs, 2008)

(down stroke). At this time pressure inside the pump barrel increase due to the compressional
action and this forces fluids inside the barrel to move upward through the traveling valve (it is
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in open position), while the ball of standing valve stays stationary due to the piston effect
(Lyons, 2016).

Electrical Submersible Pump

Electrical submersible pump (ESP) is a multistage centrifugal pump that is commonly used to
lift moderate or high volume of reservoir fluids in petroleum industry. As its name implies, ESP
also utilizes a downhole pump to provide energy to the formation fluids within the wellbore
and thus increases hydrocarbon recovery (Lyons, 2016). ESP systems include both surface and
downhole components. Typical ESP system downhole components include the followings:

- Motor

- Protector or seal
- Pump unit

- Power cables

- (Gas separator

Typical ESP system surface

components include (Figure 9): Electric drives and Electric
pump-control equipment power supply

- Electric power supply

- Variable Speed Drive
- Vent box

The working principle of typical
ESP system is as follows: because
ESP is a multistage centrifugal
pump, its pump unit is composed
of a stacked series of rotating
impellers on a central drive shaft
and stationary diffusers. As the
formation fluids enter the first
stage, the rotating impeller
accelerates the fluid, and it gains
kinetic energy. Then centrifuged
fluid is discharged into the Figure 9.Typical ESP configuration (Oilfield Review, 2016)

stationary diffuser where its kinetic energy transforms into potential energy, meaning that fluid
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gains pressure. After that the fluid which has already gained some amount of pressure is forced
into the next stage of pump unit. After passing through all impeller/diffuser pairs, the formation
fluid gains enough pressure head to travel to the surface. Depending on the pressure head
increase required, impeller/diffuser pairs may range between 10 to more than 100. ESP can be
installed in deeper wells, and they are capable of handling some free gas in the fluid. But it
should be noted that gas separators should be installed when the gas percentage is higher than
20 (Takacs, Electrical Submersible Pumps Manual, 2017).

There are some advantages and limitations of using ESP units are demonstrated in Table 3
(H.Modahi, 2012)

Table 3.ESP advantages and disadvantages

Advantages

It can be utilized in deviated and horizontal

wells.

Disadvantages

Abrasive materials or sand will reduce the

efficiency, causing the ESP to fail.

It is capable of lifting a high volume of ) _
liauid Not suitable for high temperature wells.
iquid.

_ _ More power will be required, and less
Corrosion and scale treatment can be easily - )
ot amount of liquid will be produced during
applied.
PP production of high viscous fluid.

If proper installation of sub — surface Without rotary gas separators, free gas at the

equipment is done, it requires low pump intake will reduce the ESP efficiency

maintenance.

causing less fluid to flow.

Hydraulic Jet Pumps

The hydraulic jet pumps convert the kinetic energy from the pumped power fluid to pressure
that lifts produced fluids. Water, condensate or HC liquids can be used as a power fluid.
Although it has also quite high tolerance to both corrosive and abrasive fluids, in order to retard
tubular corrosion and solve downhole flow problems, chemicals and inhibitors can be added to
the power fluid. Simple downhole design and having no moving parts that may unavoidably
wear out are the main advantages of HJP. Additionally, it effectively operates in both shallow
and deep wells with high deviation angles and high temperature wells. Low operation and

maintenance cost, reduced workover intervention, no VOC emissions are the other benefits of
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using HJPs. The pump is able to handle high volume of production stream with gas and heavy
concentration of solids such as sand. Key components of HJP include the following and their

functions are accordingly listed below:

- Nozzle — pressure of the power fluid is converted to high velocity at this point
- Throat — power fluid and produced fluid mix and get average velocity here
- Diffuser — converts velocity of fluid mixture to static pressure and mixture is forced up

the surface through the annular space

The area ratio of nozzle and throat is known as the area ratio of the pump, and it defines the
performance capability of the pump. Performance and efficiency curves will be the same when
pumps have the same area ratio. The size of the nozzle will help to determine the volume of
power fluid because they are proportional to each other. This means, the rate of production can

be varied by adjusting rate and pressure of pumped power fluid.

There are two flow directions of power fluid: standard and reverse. In standard flow, power
fluid is pumped into the tubing, in reverse flow, on the other hand, power fluid is pumped in
the annulus. Basically, pressurized power fluid is injected to functionate the pump. When the
power fluid is pumped at high pressure through the smaller area of the nozzle, the Venturi effect
gives rise to increase the velocity and decrease the pressure. This drives the production fluids
into the pump through the area between the nozzle and throat. This area also defines the pump

cavitation characteristics.

Besides all above — mentioned advantages of using HJPs, there are also some limitations. Those
limitations include lower pump efficiency (20 — 30 %) comparing to the other pump types due
to more power requirement, higher cost for the upgraded surface facilities to handle high
amount of fluid returning from the well and a probable fire issue in case of using oil as a power
fluid. Another drawback of HJPs is that the rate of pumped power fluid is usually two times
greater than rate of produced reservoir fluids. When the suction pressure is not high enough,
means lower than vapor pressure, vapor cavities will form and leads to cavitation damage in
other words, erosion of internal components of jet pump. HJPs are inclined to considerable
internal friction and turbulence due to high — velocity fluid flow inside it. This, in turn, reduces
the power efficiency to almost 35% (Oilfield Review, 2016).

Progressive Cavity Pumps

The progressive cavity pump is quite a sophisticated pump and can operate in diverse pumping

applications. Is a rotating positive displacement pump and primarily consists of a specially
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designed, single helical — shaped metal rotor and double helical elastomer stator assembly.
Rotational power from the motor is transferred to the rotor via the flex shaft, the rotor spin
withing the stator, progressive cavities form and produced fluid is transferred through those
opening and closing cavities. The liquid performs as the lubricant between pump components
and PCP should not be run dry otherwise it will cause pumps to fail (Saveth & Klein, 1989).

Progressive cavity pumps are used when centrifugal pumps are not suitable for the given
pumping applications. Using centrifugal pump is not preferable when the liquid has higher
viscosities. Because it leads to low pump efficiency and high-power consumption. In this case,
PCPs will be attractive choice for high viscous and abrasive fluids with high concentrations of
solids. The abrasive solids in fluid are moving at low velocity environment and they are not
abrading internal pump components. Regardless of the fluid viscosity PCP will easily provide
a constant flow because rate of fluid flow is directly proportional to the operating pump speed
which can be controlled by variable frequency drives (VFDs). Additionally, progressive cavity
pumps apply less shearing to the fluids, so that, pumping of shear sensitive fluids will not be
problematic. Fluid emulsification and agitation, which are the downstream processing
problems, are noticeably reduced by share rate control. It should be noted that it requires little

maintenance and PCPs are quite easy to maintenance.

On the other hand, there are also some disadvantages of PCPs and factors that should be
considered in the pump selection. They are sensitive to high temperature fluids (more than 120-
degree Celsius), because the material of stator — elastomer has a tendency to swell faster than
metals. But the direction of this expansion will not be outward, because it is surrounded by
heavy metal casing and there is no space. Eventually, inward expansion will happen and cause
a decrease in the size of cavities inside the pump. This, in turn, will decrease pump life. A stator
elastomer is inclined to expand or deteriorate when exposed to certain fluids which are used in
acid stimulation treatments. In deviated and horizontal wells, failure of rod string and tubing
due to excessive vibrations in high-velocity operations is probable threats to pump run life. In
the case of waxy fluid production, PCPs become ineffective because of their internal design.
Rotational movement of the rod string inside the pump makes use of paraffin scrapers
impossible (Oilfield Review, 2016).

Artificial Lift Selection Criteria
As it is obvious from the above discussions, there are several artificial lifting methods and each
of them has positive and negative sides. For these reasons, many fundamental factors should be
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considered to appropriately select artificial lift method to increase production rate and improve

the life of an existing well. These factors can be categorized into four main groups:

Table 4. Artificial Lift Selection Criteria

Property

Reservoir drive mechanism

Formation fluid viscosity
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2
S
[<5]
+—
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©
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=
o
>
15
(b}
(7]
(5}
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Presence of paraffin, scale, and

salts

Reservoir IPR

GLR

Total depth of the well

Wellbore
Characteristics

Wellbore deviation

Comments

Water cut issue in case of water
drive reservoirs — ESP may be a
good choice

GLR issue in case of gas cap drive
reservoir — Gas lift may be a
better option

One of the main screening criteria
for PCP, SRP and ESP pumps
PCP lifting may be a good choice
in case of highly viscous
hydrocarbons

Pumps may be damaged due to
poor handling capacity

Gas lift method is an appropriate
choice

Determines production potential
of the well

Choice should be made to select
either gas lift or pumping
Designing downhole gas
separators for ESP lift method
Some lifting methods may be
screened out such as SRP

Energy required for lifting
purposes is calculated

SRP or PCP may not be applied in
highly deviated wells due to rod
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failures and excessive production
tubing wear
- Selection of downhole equipment
Dimensions of casing and tubing based on tubing and annulus size
- Liquid loading efficiency
- Offshore wells require artificial
lift methods that require minimum
space
Field location - Water treatment concerns, noise
and visual impact concerns, well
spacing etc. should be taken into
consideration for onshore fields

Surface Characteristics

- Electricity and natural gas are the
Power availability main power sources for artificial
lift methods
- EOR processes may lead to
- changes in reservoir pressure and
Application of EOR . . -
fluid properties, thus shifts in AL
system may needed
- Gas injection or water injection
; ) _ for pressure maintenance purposes
Pressure maintenance in the field _ )
may cause adjustments in AL

requirements
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. - Some AL methods require regular
Local support services : -
maintenance and monitoring
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Chapter 3: Production Data and Improvement of Hydrocarbon

Production Techniques in Research Area — West Absheron Qilfield

This chapter includes the review of geological data and production history of the research area
(West Absheron oilfield), improvement and optimization of the hydrocarbon production in the
research area based on the comparative analysis of the results of selected production techniques
on a computer software and assessment of economic efficiency of hydrocarbon production

optimization measures.

Study Area

The study area of this research is West Absheron
oil field, which is located in the Caspian Sea, 40
km north of the Absheron Peninsula (Figure 10).
The field is located 25 km north of Shoulan Cape,
in the north-western part of the Absheron
archipelago. Despite its remoteness from the
mainland, the depth of the sea in the area of
Western Absheron varies between 2-20 m. The
West Absheron field has a tectonic anticline
structure and forms one of the middle rings of the
Goshadash-Absheron Bank - Gilavar folded

Zone.

Figure 10. Location of West Absheron Qilfield

Structurally it is an anticline uplift in the north-west-south-east direction, and its core is
composed of sediments of the Balakhany Unit of the Productive Series (PS). Productive Series
is the main hydrocarbon bearing rock succession in South Caspian Basin and based on the
microfauna composition, it is divided into Lower Productive Series and Upper Productive
Series. On the basis of lithological composition, Lower Productive Series include Kala Suite,
Pre-Kirmaki Suite, Kirmaky Suite, Kirmaky Suite, Post-Kirmaky Sand Suite and Post-Kirmaky
Clay Suite. Upper Productive Series is subdivided into Fasila Suite, Balakhany Suite, Sabunchy
Suite and Surakhany Suite (Abdullayev & Leroy, 2016).

According to the results of seismic works carried out in 1947-51 and 1952-54, the field consists
of the Absheron and Aghburun-Deniz anticline uplifted zones, separated by a narrow shallow
saddle. The dimensions of the main reservoir rock are 11x4 km. The structure of the fold is

asymmetrical: dip angle of the layers is around 25-40° in south-west direction and 8-25° in
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north-east direction. There are two parallel longitudinal faults passing through the crest of

anticline structure that have led to formation of horst in the crestal area.

Stratigraphic succession of West Absheron field was discovered and studied through drilled
wells and seismic works and it has turned out that, from Cretaceous sedimentary complex till
Quaternary sediments are present in sedimentary succession of West Absheron field. Main
hydrocarbon bearing successions are Kirmaky Suite and Pre-Kirmaky Suite of Productive

Series and some detailed information are given below:

- Kirmaky Suite (KS) mainly consists of thin rhythmically alternating layers of sand,
siltstone - sand and shales of varied sizes. The upper and middle part of the suite is
characterized as being very shaly, but the amount of sand and sandstone increases in
the lower part. True thickness of this suite varies between 200-280 m.

- Pre-Kirmaky Suite (PKS) mainly composed of medium-sized quartz sands and
interbedded shale layers. In the lower part of the suite amount of sand and sandstone
increases and generally characterized as hydrocarbon bearing formation. Its true

thickness varies around 90 m.

In the West Absheron oilfield, the first oil was extracted in 1985, when Pre-Kirmaky Suite was
perforated in Well#35 (initial production rate was 61 tons of oil per day). The field has been in
production since 1985. Initial reserve estimation in the West Absheron field based on Russian
Federation Classification Scheme has revealed that commercial reserves under C1&C2
category was 64635 thousand tons of crude oil, 2587 million m® of dissolved gas and volume
of recoverable reserves was 12359 thousand tons of crude oil, 2035.5 million m® of dissolved
gas. Updated reserve estimation in 01.01.2022 has revealed that commercial reserves under
C1&C2 category is 63884.4 thousand tons of crude oil, 2561.1 million m? of dissolved gas and
volume of recoverable reserves is 11608.4 thousand tons of crude oil, 2009.1 million m? of

dissolved gas.
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West Absheron oilfield
Post-Kirmaki Top Structure
Map

Figure 11. Pre-Kirmaky top structure map-West Absheron oilfield

In total, 80 wells were drilled in the field as of 01.01.2022 and 50 wells are currently producing
hydrocarbons in the field (Figure 11). From these wells 750.6 thousand tons of crude oil, 25.9
million m® of dissolved gas and 27.6 thousand m?® of water has been produced. 3.1% of
recoverable crude oil reserves under C1&C2 category has already been extracted in West
Absheron oilfield.

Model Setup on PROSPER Software

In this section of master thesis, the model setup is given in a step-by-step manner. To do
simulations for natural drive and artificial lift techniques in PROSPER software, a synthetic
offshore well named WA-1, in the West Absheron field is modelled. Based on the offset wells
data and reservoir data provided, 750 meters deep, deviated wellbore is designed. To produce
IPR and VLP curves and get the intersection point (which is stable flow point) between these
curves on the basis of input data for Well WA-1, the following steps are followed in the software

for Natural Drive Case, Electrical Submersible Case and Gas Lift Case:
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Model Setup for Natural Drive Case

System Summary:

[ione | Cancel | Report Export | Help | [ratestamp |
—Fluid Description —Calculation Type
Fluid |Di| and W ater j Predict |F'ressule and Temperature [offshare) ﬂ
Method |Black oil j Model |F|Dugh Approsimation ﬂ
Range |Fu|| Syshem ﬂ
Separatar |Single-5tage Separator j Output |Show calculating data ﬂ
E mulzions |No ﬂ
Hydrates |Disable wharning ﬂ
M ater Vigcogity |L|se Crefault Carrelation ﬂ
Yizcozity Model |Newt0nian Fluid j
el —Well Completion
Flow Type |Tubing Flow ﬂ Type |Dpen Haolz ﬂ
“well Type |F'roduc:er ﬂ Sand Control |Wire “Wrapped Screen ﬂ
r—Artificial Lift —Reservoir
Method |None j Inflowy Type |3ingle Eranch j
Gaz Coning |No ﬂ
—Uzer infarmatiory —Camments [Chtl-E nter for new ling)
Company |SM ColLLC
Figld |W'est Absheron
Location |Caspian Sea
el w1
Platform |><
Analvst |5 amir Muzaffaroy
Date | Saturday . February 26, 2022 j

Figure 12.System Summary on PROSPER

This is the first interface window containing some basic information related to Well WA-1,

including fluid description data, well data, artificial lift data, well completion data, reservoir

data, calculation type and user information data. In the following figure, a system summary is

provided:

As it is obvious from the Figure 12, Black Oil Model method with Oil and Water option is

selected to describe the fluid. Here producer well with tubing flow option is selected. Because

the first model is built for natural drive scenario, artificial lift method is selected as none. In

West Absheron oilfield the wells are completed as open holes with wire-wrapped sand screen

to handle sand production problem. So, in the system summary this option is selected as well.

The user information is provided in the relevant section.
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PVT Data:

This section details required PVT data input of Well WA-1 for the selected Black Oil model.
This input data is needed to accurately predict how the properties of reservoir fluid change as a
function of pressure and temperature. In the PROSPER software either the basic fluid properties
data can be inserted and based on some traditional black oil model correlations (e.g., Glaso,
Beggs, Petrosky etc.) the software can calculate fluid properties or basic fluid data and PVT
laboratory readings can be introduced into the software and PROSPER can choose the best
correlation to match the measured laboratory data. On the following figure, basic input

parameters are given:

PVT - INPUT DATA (rmaster_thesis_model.Out) (Qil - Black Qil matched)

Donel Eancel| Tables‘ Match Data‘ Hegressinn| Eorrelatinns| Ealculate| Save ‘ Open | Composzition Help
_I Usze Tables Expart
Input Parameter. — Comelation
Soluion GOR [EINEER m3dm3 | Pb. Fis. Bo | Glaso =
il Giravity ‘ 805 509 Ka/m3 | 0l Wiscosity || Deal et al |

Gasz Grawvity ‘EI.EE zp. gravity
Water Salirity ‘ 7E580.7 ppm

—Imnpuiritie

dole Percent H2S ‘EI perzent
ldole Percent COZ2 ‘ 0z percent
fole Percent M2 ‘ 0 percent

Figure 13. PVT input data

After basic PVT input data for the Black Oil model is introduced into the software, the
laboratory measurements are entered to match PVT test data to the Black Oil correlations that
are available on PROSPER. These laboratory readings include Bubble point pressure and GOR,
Oil FVF an Oil viscosity values at different pressures. PROSPER performs all required
calculations based on the input data and after all data is matched and analysed for the
correlations on software, it is found that the best correlation with respect to Well WA-1 input
the data for Bubble point pressure, GOR and Oil FVF is Glaso correlation which has the
smallest standard deviation. For the oil viscosity, the best correlation is Beal et al which has

the smallest standard deviation based on the available data provided.
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IPR Data:

In this section construction of Reservoir Inflow Performance Curve (IPR) is achieved. As has
already been stated in this paper, the IPR curve represents the relationship between flowing
bottom hole pressure (Pwr and production rate. IPR curve is an effective tool to simulate fluid
flow from the reservoir into the well, hence, to understand the well deliverability. To estimate
pressure loss in the reservoir that illustrates pressure losses as a function of fluid flow rate a
well-defined mathematical equation is required. Considering the type of reservoir fluid and
formation rock this mathematical equation has different versions. However, all these versions
are fundamentally derived from Darcy’s Law. PROSPER software is a great tool to handle this
issue by selecting a solution node within the well. At the solution node the system is divided
into two sections. Either bottom hole or wellhead can be selected as a solution node. In this
research bottom hole is selected as a solution node. That means fluid flow from reservoir into
the bottom hole of the wellbore is regarded as inflow that is reflected in IPR curve and the fluid
flow from the bottom hole to the wellhead through the production tubing is regarded as outflow,
which is displayed in VLP curve. So, to construct IPR curve for this case study, input data is
introduced in the PROSPER and a screenshot from the software is provided in the following
figure:

Inflow Performance Relation (IPR) - Select Model

Dane | alidate | Calculate | Report | Transfer D ata Sand Failure T
Select Model

Cancel | Fieszet | Plot | E xport |

Help Test Data | Sengitivity |

i Model and Global Y ariable Selection
Feservoir bodel Mechanical / Geometrical Skin Dreviation and Partial Penetration Skin

Fl Entry
“ogel
Comiosite
Fetkovich

MultiRate Fetkovich

Jores

MultiF ate Jones

Transient

Hydraulically Fractured wiel

Honzontal Well - Mo Flow Boundaries

Honzantal Well - Constant Pressure Upper Baundary
b ulliL ayer Fieservoir

External Entry Reservoir Pressure |82 atri a
Honzontal Well - dP Friction Loss [nWelBore :
MultiLayer - dF Loss In'welBore (izsemah Tempere | e
Skindide [ELF) Wiater Cut |5 percent
Daal Porasity
Harizontal Well - Transverse WVertical Fractures = — T.otal Gl 1632 L
SPOT Compaction Permeability B eduction Madsl | Mo hd

Fielative Pemeability | Ma hd

Figure 14. IPR data input main window
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PROSPER suggests various IPR models depending upon data availability and type of inflow
sensitivities to be made. Some of these models are given below:

e Pl Entry
e Vogel

o Darcy

o Fetkovich
o Jones

To construct IPR curve for this case study Darcy Model is selected due to its simplicity and
ease of convergence. Then the software applies Darcy’s flow equation when the flowing bottom
hole pressure is above the bubble point pressure and the Vogel’s solution when the flowing
bottom hole pressure is equal or below the bubble point pressure. Required input data for Darcy
Model is given below considering a circular reservoir shape for DIETZ shape factor:

Done | Validate | Calculate | Report | Transter Data | Sand Failure | S clect Mods!
Cancel | Reset | Flat | Export | s
Help Test Data | S enazitivity |

Diarcy Reservaorr Model

Reservair Permeability B md
13

Reservoir Thickness m
Drainage Area || 70000 me
Dietz Shape Factar |31.6 Calculate Dietz

‘WelBore Radius (B inches

Figure 15. Darcy reservoir model input screen

Once selecting the reservoir model on PROSPER, mechanical skin value must be entered.
Based on the offset well data provided, predicted skin value for this modelled well is 3. It should
be noted that skin value is not constant, and it may be different from well to well. However,
skin value equal to 3 might be considered as a good approximation since the wells drilled in
West Absheron oilfield have experienced skin values equal to 3-5.

As the wells drilled in West Absheron oilfield have been completed with wire-wrapped sand
screens to handle sand production issue, this option is also designed on PROSPER since there
is a “Sand Control” option in the system summary window.

After selecting wire-wrapped sand screen option, required input data must be filled in related
to the sand screen as it is given in the following figure:
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Daone I Walidate | Calculate | Fepaort | Transfer Data Sand Failure
Cancel | Feset | Plot | E xport |
Help Test Data | Sensitivity |
Wwire Wrapped Screen

Reservair Thickhess

Fiezervoir Permeability

13 m

Froduction |nteryal
‘welbore Radius

Secreen Outer Radius
Outzide Permeability

Outzide [Turbulence]

30 md

EN
6 inches
45 inches
180000 md

| 1/1t

Leave Blank If Formation Sand Between Screen And S andface

Due Ta Matenal Between Screen And Sandface - O to ignore, leave blank to calculate

Figure 16. Wire-wrapped screen input data

After all required input data is introduced into the model, the IPR curve is generated by clicking

the “Calculate” button. The figure below represents the construction of IPR curve applying

Darcy Model:

| IPR plot Darcy (WA-1 03/22/2022 - 10:42:28)
[] &1.9999) T -

| Inflow Type Single Branch

H H ADF: Completion Open Hole

E F:Urmation Pl: Sand Control Wire Wrapped Screen

H SKIN - Gas Coning Ho

i Reservoir Model Darcy

H M&G Skin Model Enter Skin By Hand

G168 . Ir ______________________________________________ I Compaction Permeability Reduction Model Mo

! Relative Permeability Mo

H Formaticn Pl 1.78 (Sm3/day/bar)

H Absolute Open Flow (A0F) 76.3 (Sm3lday)

H Reserveir Pressure 82.00 (atm a)

E Reservoir Temperature 34.00 (deg C)
= H Water Cut 5.000 (percent)
c : Total GOR 3163 (m3/m3)
ki : Reservoir Permeability 30.00 (md)

° .5378 . U SRRt SN el Reservoir Thickness 13.0 (m})

F I Drainage Area 750000.0 (m2)

@ : Dietz Shape Factor 316

o H Wellbore Radius. 6.00 (inches)

H Skin 3

H Production Interval 13.00 (m}

E Screen Outer Radius 4.50 (inches)

: Outside Permeabilty 180000.00 (md)

' i ) 2510.8 Y

R 'r 7777777777777777777777777777777777777777777777 N N Outside Beta (Turbulence)  18918.8 [1/ft)
|| 107523 ; ; ;
0 18.0825 38.1649 57.2474 76.3208
[ Rate (Sm3/day) ]

Figure 17. IPR Plot based on Darcy Reservoir Model

As it is obvious from the figure above, the absolute open flow (AOF) which has been calculated
is 76.3 sm®/day and the formation productivity index (PI) is 1.76 sm3/day/bar.
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Equipment Data:
This section includes a detailed description of the equipment data that should be introduced into
PROSPER software to calculate pressure and temperature profiles along the well path. This
section is divided into five individual categories, including:

« Deviation survey

o Surface equipment

o Downhole equipment

o Geothermal gradient

o Average heat capacities

Deviation survey:

As it has already been stated, a new synthetic deviated offshore well is modelled on PROSPER.
In West Absheron field, the wells generally have a “build and hold” trajectory. It means that
well trajectory is vertical to a certain depth and below this point which is also known as Kick-
Off-Point (KOP) the well builds an angle until the required maximum inclination angle is
obtained. After that drilling continues keeping this angle constant (the well path is kept straight)
till the target depth (TD). In order to make trajectory of a well on PROSPER some pairs of data
points for measured depth (MD) and corresponding true vertical depth (TVD) must be entered.
Based on MD and TVD pairs, the software produces well inclination angle and total horizontal
displacement at each measured depth. This synthetic deviated well trajectory is modelled on
PROSPER based on the deviation survey data of offset wells drilled in West Absheron oilfield.

The following figure is a screenshot from the deviation survey window:

46 |Page



DEVIATION SURVEY (rmaster_thesis_model.Cut)
Dore Cancel b ain Help | Filker |
—Input D ata
teazured True Wertical Curnulative
Ciepth Depth Cizplacement Angle

[rn] ] [rn] [dearess]
1 ] 1 n 0
2 100 100 1] 1]
3 200 133 141067 8.109561
4 300 230 55.567E 24,4945
] 400 370 115568 3E.8E99
E 00 445 181.711 41,4096
7 B0 15 2R3126 45573
8 700 535 324,54 45,573
3 70 20 360 247 45 /73

Figure 18.Deviation Survey Data
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Figure 19. Well Trajectory
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Surface equipment:

For this case study, the furthest top node is selected at the wellhead and the manifold TVD is
chosen to be set at 0 TVD.

Downhole equipment:

To obtain VLP curve and pressure and temperature gradients in the well downhole equipment
data must be filled up on PROSPER. The Xmas tress (Christmas tree) is set at the top of
wellhead at O depth and all required information related to production tubing and casing is

represented in the following figure:

DOWMNHOLE EQUIPMENT (master_thesis_model.Out)

[one | Cancel| b4 ain ‘ Help | Izert ‘ Delete| Copy | Cut ‘ Paste | All ‘ Impart | Expart | Feport | Equipment|
—Input D ata
teazured Tubing Tuhing Tubing Tubing Cazing Caszing Fate
Label Tupe Depth Inzide Inzide Outzide Outzide Inzide Inzide Fultiplier
Diameter | Roughness| Diameter | Roughness| Diameter | Roughhess
[ra] [rrirn) [inchesz) [rrrn) [inchesz) [rrn) [inches)

1l ®mas Tree [0

z Tubing a0 g2 0.0008 1

3 G55V G2 1

4 Tuhing (=] g2 00008 1

5 Casing (=00 1671 0.0006 1

Figure 20. Downhole Equipment Data

It should be noted that rate multiplier enables calculation of pressure drop because of
intermittent sections of dual production tubing completion. For this case study and as general
information, wells completed in West Absheron oilfield have been completed with a single
production tubing and for that reason value of rate multiplier is left at its default value of 1.
Furthermore, wells on West Absheron oilfield have 177.8 mm (about 7 in) OD (Outside
Diameter) / 157.1 mm (about 6.19 in) ID casing set at the top of reservoir section and then 152.4
mm (about 6 in) open hole section is drilled through the reservoir interval. A wire-wrapped
sand screen with 114.3 mm (about 4.5 in) OD is then run through the reservoir section and is
hung inside the 177.8 mm (about 7 in) casing. 73 mm (about 2.87 in) OD / 62 mm (about 2.44
in) ID production tubing is finally lowered around 5 meters above the packer of sand
screen. The following figure represents the schematic illustration of the downhole equipment
of the modelled well on PROSPER:
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________________________________________________________ AL 1]
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Figure 21. Downhole Equipment Drawing

Temperature survey:

This section enables computation of geothermal gradient on PROSPER. To achieve that
temperature values corresponding to the measured depths must be entered into the model.
PROSPER can model the temperature distribution throughout the drilled formations and it
requires at least two temperature values introduced to the model. Overall heat transfer
coefficient for this model is selected as default value of 8. This section enables us to predict the
temperature of produced fluids in the system. The following figure represents the temperature

survey for this model:

| GEOTHERMAL GRADIENT (WA-1 03/21/2022 - 19:45:04) |
[ ] g
187.9]
379
bhuredDepth (g \
562.5 \
| | 750
15 19.76 245 29.26 34
| Formation Temperature (deg C) I

Figure 22.Geothermal Gradient Plot
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Average heat capacities:

PROSPER by default suggests Cp values for oil, gas and water to predict the dissipated heat
due to the changes in temperature when the fluids flow. It should be noted that these default
values produce reasonable results, even though they are strongly dependent on pressure and
temperature values. The following figure shows a screenshot from average heat capacities data

input window:

FAwerage Heat Capacities (rmaster_thesis_model.Out)

Daone Eann::el| T | Help | Default|

—Input Parameter
Cp il BT
CpGaz |(0.51 BT/

Cp'wiater |1 BTU b

Figure 23. Average Heat Capacities Input Data

System calculations:

As the final step generation of VLP and IPR curves and determination of the solution node that
is the intersection point between these two curves is achieved on PROSPER by system
calculations. Here the input parameters are used to compute the reservoir response that is IPR
curve, and the tubing response which is VLP curve. On the following figure, system

calculations and solution node details are achieved on PROSPER:

I:::-ntinue| Eancel| Hepnrt| E:-:p-:urtl Help

—Input Data

Top Mode Prezsure ||25.00 atm a
Wdater Cut |(5.000 percent
Total GOR ||31.63 33

Surface Equipment Camelation | Beggs and Eril

Wertical Lift Comelation | Petroleurn Experts 2

Solution Mode || Battorn Mode

Rate Method | Autamatic - Geometric

Ldedle]

Left-Hand Interzection " Chizillans

L

Figure 24. System calculations input data screen
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Inflow (IPR) v Outflow (VLP) Plot (WA-1 04/24/2022 - 15:54:18)

; H Solution Point
Liquid Rate 18.5 (Sma/day)
| VLP Curve 3% | ; Ol Rate 17.6 (Sm3/day)
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(

81.9396]

Solution Node Pressure 67.37 (atm a)
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Completion Skin 3.00
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dP Sand Control 6.8832e-5 (bar)
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Wellhead Gas Density 21.278 (Kg/m3)
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T Wellhead Superficial Gas Velocity —0.102325 (ft/sec)
Wellhead Z Factor  0.93108
Wellhead Interfacial Tension  13.12348 (dyne/cm}
Wellhead Pressure 25.00 (atm a)
Wellhead Temperature 16.44 (deg C)
First Node Liquid Density  811.484 (Kg/im3)
First Node Gas Density 21.278 (Kg/im3)
First Node Liquid Viscosit 2 5245 (centipoise)

Pressure (atm a)

| | 147208

0.0763301 19.1245 381727 57.2208 76.269

[ Liquid Rate_(sma/day) |
PVT Method Black Oil Top Node Pressure 25.00 (atm a)
Fluid Oil Water Cut 5000 (percent) 'ggﬁ;’;,ggﬁ %'Q?ffg,ae”m
Flow Type Tubing Bottom Measured Depth 6860.0 (m) Sand Control Wire Wrapped Scrde
Well Type Producer Bottom True Vertical Depth 557.0 (m) Gas Coning No
Artificial Lift None
Surae CquprertSorcion Seggo 9B
Predicting Pressure and Temperature (offshore) - M&G Skin Model Enter Skin By H
Temperature Model Rough Approximation Solution Node Bottom Node Compaction Permeabilit Rveduct\olﬂ ’."gdgl Ng er Skin By Han
Company SM Co.LLC Left-Hand Intersection DisAllow P R &" tive P h‘ml N
Eield West Ahsheron elative Permeablity Mo

Figure 25. IPR and VLP curves plot for natural drive case

As it is clear from the figure above, the oil rate and bottom hole flowing pressure (BHFP) are
17.6 sm3day and 67.37 atm respectively. It means that the designed well can flow naturally
based on the input parameters. Solution node details are given in the following table as well:

Table 5. Solution Node details for naturally flowing well

Parameter Amount Unit
Liquid Rate 18.5 sm®/day
Oil Rate 17.6 sm3/day
Water Rate 0.92458 sm3/day
Gas Rate 0.55567 1000 sm®/day
Solution Node Pressure 67.37 atm
dP Friction 0.010366 bar
dP Gravity 42.9222 bar

Sensitivity analysis for naturally flowing well:

PROSPER allows doing the sensitivity analysis by incorporating the changes that may happen
on the main input parameters including water cut, GOR, reservoir pressure and so on. For this
purpose, in this section sensitivity analysis is performed to see how reservoir performance (IPR
curve) and wellbore performance (VLP curve) are responding to the changes. Here effects of

changing reservoir pressure, water cut and GOR are simulated.
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Impacts of Changing Reservoir Pressure:

Considering that the West Absheron oilfield is on the production for a good period of time and
no pressure maintenance activities are done in the field, it is obvious that fluid production will
eventually lead to a decrease in reservoir pressure and for that reason the effect of pressure
reduction on outflow performance is investigated. To achieve that, three different reservoir
pressure values along with the current reservoir pressure which is 82 atm are given on the

software and the calculated results are represented in the table below:

Table 6. Results of system sensitivity analysis on reservoir pressure depletion

Reservoir Reservoir Reservoir Reservoir
Parameter Pressure (82 | Pressure (75 | Pressure (70 | Pressure (65 Unit
atm) atm) atm) atm)

Liquid Rate 18.5 9.2 2.5 sm®/day
Oil Rate 17.6 8.8 2.4 sm3/day
Water Rate 0.92458 0.46159 0.12453 sm3/day

Gas Rate 0.55567 0.27742 0.0748 --- 1000
sm3/day

As it is clear from the results given in the table above, while the reservoir pressure decreases,
well production rate decreases as well. However, if the reservoir pressure falls to 65 atm, then
the well will not flow naturally because the intersection point between IPR curve and VLP

curve will not be achieved.
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Inflow (IPR) v Outflow (VLP) Plot (WA-1 04/24/2022 - 16:06:48)
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Figure 26. Impacts of changing reservoir pressure on IPR & VLP curves

The figure above perfectly displays how IPR curve given in green colour is dependent on
reservoir pressure. As it is seen, there is no intersection between IPR and VLP curves when
reservoir pressure is equal to 65 atm.

Impacts of Changing Water Cut:

Aquifer supported reservoirs have experience increasing amount of water cut while they are
being depleted. Taking this fact into consideration, three different reservoir water cut values
along with the current water cut which is 5% are given on the software and the calculated results

are represented in the table below:

Table 7. Results of system sensitivity analysis on increasing water cut

Water Cut Water Cut Water Cut Water Cut )
Parameter Unit
(5%) (30%) (50%) (70%)
Liquid Rate 18.5 11.9 3.5 0.60417 sm/day
Oil Rate 17.6 8.3 1.7 0.18125 sm®/day
Water Rate 0.92458 3.6 1.7 0.42292 sm®/day
1000
Gas Rate 0.55567 0.26285 0.055 0.0057
sm3/day

The table above shows that, when water cut increases from 5% to 30%, amount of produced oil
and gas decreases, while the water rate increases almost 4 times. The main reason for that is

now more water is entering into the reservoir. However, continuous increase on water cut leads
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to both reduction of oil rate and water rate (total liquid rate) because pressure drop due to gravity
is increasing while water cut increases in the reservoir and more pressure is needed to produce
heavier fluids to the surface.

On the following figure, impacts of increasing water cut on both reservoir performance (IPR

curve) and wellbore performance (VLP curve) are visible:

I Inflow (IPR) v Outflow (VLP) Plot (WA-1 03/24/2022 - 15:49:32) ]
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T + - : i H
: : 3 : 0=5.000
: T 7 : 1=20.000
: : : 2=50,000
] ; 3=70,000
T S S S
i
- :
|
= S S SN
E
a
g
=
T N R SO .S
| | 1 H H H
00783301 19.1245 28 1727 £7.2208 7E.289
Liquid Rate_(Sma/day)
PVT Method Black Oil Top Nede Pressure 25.00 (stm &)
! Inflow Type S 5
Fluid il Bottom Messured Depth 8800 (m) inrlow Type N
Flow Type Tubing Bottom True Vertical Depth 5
Well Type F““f Surface Equipment Corelation
Astificial Lift Hons Vertical Lift Corelation
Lift Type . -
nrE e (ofishare] Selution Nod
o tpre.r.ﬁ.".-,, = {offshare) Lern "I‘Ltll f';’e 3 Skin Model Enter Skin By Hand
smperature Model Ra Sfi-fand Inemection Distllow Compaction Permeability Reduction Madel Ho
Relstive Permeability Ho
Formation Pl 1.78 (Smaiddy

Figure 27. Impacts of increasing water cut on IPR & VLP curves

It should be noted that, while the intersection between IPR and VLP curves are achieved even
the water cut is 70%, more water entering the wellbore creates higher hydrostatic pressure

compared to the pressure created by oil column, thus leading to decreased liquid production.

Impacts of Changing GOR:
Next, the effect of changing (increasing) gas-oil ratio (GOR) is analysed. To achieve this, three
different GOR values along with the current GOR which is 31.63 m®m? are given on the

software and the calculated results are represented in the table below:
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Table 8. Results of system sensitivity analysis on increasing GOR

GOR (31.63 GOR (50 GOR (80 GOR (100 )
Parameter Unit
m3/m?3) m3/m?d) m3/mq) m3/m?3)
Liquid Rate 18.5 28.2 44.6 48.3 sm3/day
Oil Rate 17.6 26.8 42.4 45.9 sm3/day
Water Rate 0.92458 1.4 2.2 2.4 sm3/day
1000
Gas Rate 0.55567 1.341 3.389 4.586
sm3/day

As it is shown in the table above, while the GOR is increasing, liquid rate and gas rate are also

increasing. However, larger increments on GOR do not lead to higher increments on total

production rate. On the following figure, impacts of increasing GOR on both reservoir
performance (IPR curve) and wellbore performance (VLP curve) can be seen:

[ Inflow (IPR) v Outflow (VLP) Plot (WA-1 03/26/2022 - 12:02:10)
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Figure 28. Impacts of increasing GOR on IPR & VLP curves

Relationship between IPR and VLP curves represent that, increasing GOR has effect on both

reservoir performance as well as tubing performance. From the figure above it is clear that

increasing GOR leads to higher production rates and the solution node pressure values are

decreasing, meaning that lesser pressures are required to produce reservoir fluids to the surface.

What is more, while the GOR is increasing, pressure drop due to friction is increasing and

pressure drop due to gravity is decreasing and these are visible on the IPR&VLP curves.
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Model Setup for ESP Case

In this section, well performance is analysed by applying ESP as an artificial lift technique.

General data and working principle of ESP has already been covered in Chapter 2. On

PROSPER software ESP designing is done in two steps where the required pump head must be

calculated first to get the stated production rate and then the software enables us to select an

appropriate pump, motor and cable for this application. So, in this section a well with ESP is
modelled on PROSPER through the following steps:

System Summary:

This section includes the basic data about the Well WA-1 as it has already been done for the

natural drive case. The main difference here is that we must select ESP as an artificial lift

method in the relevant section. The following figure depicts the screenshot from the system

summary window:

Done | Cancel |

Report ‘

Help | Datestamp‘

—Fluid Description

Calculation Type

Fluid | Oil and " ater - Predict |F'ressure and Temperature [offshore) j
tethod |Black dil - Model |F|Dughf-‘«|:n|:nmﬂimatian ﬂ
Range |Fu|| System j
Separatar |Single-8tage Separator j Dlutput |Shl:|w calculating data j
Ermulziohs |N|:| j
Hydrates |DisableWaming j
W ater Yiscosity |L|se Drefault Comelation j
Wigcozity Model |Newtonian Fluid j
el el Completion
Flowe Type |Tu|:|ing Flows j Type |Dpen Hale j
el Type |F'ru:uduu:er j Sand Contral |WireWrapped Screen j
r—atificial Lift —Reservair
b ethod |EIectricaISubmersibIe Pump j Inflow Type |Single Eranch j
Gaz Coning |No j
—Uszer informatiorn —Comments [Chtl-E nter for new line)
Compary |5M ColLC
Field |West.-’-‘«bshemn
Location |Easpian Sea
el [l
Flatfarm |><
Analyzt ||Samir Muzaffanoy
Date | Saturday ., Februan 26, 2022 j

Figure 29. System summary for ESP design case
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PVT and IPR Data:

These two sections remain the same as for the Natural Drive Case.

Equipment Data:

All

subsections in this part remain the same except the downhole equipment where the tubing

outside diameter must be filled to perform ESP design. A screenshot from the downhole

equipment part is given in the following figure:

Done | Eancel‘ GET | Help | Inzert | Delete| Copy | Cut ‘ Paste ‘ All | |mpart | E xport | Report | Equipment‘
—Input Dats

Meazured Tubing Tubing Tubing Tubing Cazing Cazing Flate
Label Type Depth Inzide Inzide Outzide Outzide Inzide |nzide t ultiplier
Diameter | Foughness| Diameter |Roughnesz| Diameter | Boughness
[rn] [rm] [inches) [rmn) [inches) [rrn) [inches]

1l HmazTree |0

2 Tubing a0 g2 0.0008 73 0.0008 1571 0.000s 1

3 G55y g2 1

4 Tubing B05 G2 0.0006 73 0.0006 157.1 00008 1

5 Casing (=11 157 1 00008 1

Figure 30. Downhole equipment data for ESP case

ESP Design Parameters:

This section contains the main input data for ESP design stage. Here the following parameters

are

included on the ESP design window as follows:

e Pump depth is located at the end of the production tubing where it is generally lowered
down 50 meters above the packer of sand screen based on industry experience.

e Pump operating frequency is set at 60 hertz as generally electrical submersible pumps
operate at this frequency.

e Maximum outside diameter of the pump is controlled by the inside diameter of the 177.8
mm casing string and for this model 143 mm is set as maximum OD for ESP

e Length of cable is needed to evaluate surface voltage to operate the pump. It is
recommended to select a cable that is at least 100 feet (30 meters) longer than pump setting
depth (in MD) to be sure that surface connections will be made at a safe distance from
wellhead and for this model it is set as 650 meters.

o Gas separator efficiency shows efficiency of gas separation when there is free gas and
gas separator is installed at the pump inlet. It can be left as 0 and then the Dunbar Criterion
can be used to check if this input value is acceptable for this design or not. It should be

noted that when the design operating point is above the Dunbar Factor line which is given

by a red line then inserted gas separator efficiency value is acceptable and there is no need
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to install a downhole gas separator (IPM PROSPER User Manual ,Version 11.5, January
2010).

« Design rate here shows the target flowrate that is intended to reach, and it cannot be
greater than AOF as the reservoir cannot contribute greater than this value.

e Top node pressure is fixed.

e Motor power safety margin is included to oversize pump motor power requirements.
Based on the industrial experience a safety margin of 10% is inserted to increase the pump
motor power requirement.

e Pump wear factor takes the deviation of designed pump performance from
manufacturer’s provided performance curve because of taking the wear into consideration.
Generally, wear factor of 0.1 is included to simulate the reduction by 10% on the pump
head required.

The following figure shows a screenshot from the ESP Design window on PROSPER:

ESP Input Data (master_thesis_model.Qut) (Matched PVT)
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Input Data
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—Current Purnp
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L«

—Current b atar
|Fh3|:|a 486_90-0_5td 12.5HP 450 17,54

L«
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L«

Figure 31.ESP design input data screen

After the required parameters are included, ESP design calculations are performed and all the

parameters that are needed to select an appropriate pump system are shown on the screen:
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ESP Design (master_thesis_model.Out) (Matched PYT)
Dione Calculate | Main | Help | Ewport | Senzitivity
Well Head Preszure 25 [atm a] ~
Flowing Bottornhole Pressure 32,3983 [atm a)
W ater Cut a [perzent]
Pump Frequency G0 [Hertz]
Pump Intake Pressure 295266 [atm a)
Pump Intake Temperature N7 [deqg C]
Pump Intake Rate 235147 [m3#day]
Free GOR Entering Pump 11.0712 [rm3dma3]
Purmp Dizcharge Preszure 625875 [atm a]
Pump Dizchage Rate E3.5101 [m3#day]
Total GOR Above Pump 3.632 [m3dm3]
kazz Flow Rate a0555.9 [F.a/day]
Total Fluid Grawity 074313
Average Downhole B ate 63,0294 [rm3sday]
Head Reguired 460137 [rn]
Actual Head Required 511.264 [rri)
Fluid Power Required 392152 [hip]
GLR & Pump Intake VA9 0339 [Fraction] A

Figure 32.ESP design calculation results

Gas Separation Sensitivity Check:
After this step sensitivity analysis is done to evaluate the need for downhole gas separator. The
following figure shows the relationship between pump intake pressure and gas liquid ratio with

the operating point given in dark blue:

| Gas Separation Sensitivity Plot (WA-1 03/22/2022 - 14:21:49) |

471088

Junbarﬁac,tor

___________________________________________________________________________________________________________________________________

Intake Pressure (atm a)
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| Gas Liguid Ratio (VIV} |

Figure 33. Gas Separation Sensitivity Check-1
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As it is obvious from the figure, the design operating point lies below the Dunbar Factor line
given in red. And this means that there is a need to install a downhole gas separator. For this
reason, gas separator efficiency equal to 50% is chosen and sensitivity check is performed

again:

| Gas Separation Sensitivity Plot (WA-1 03/22/2022 - 14:26:22) |
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Figure 34. Gas Separation Sensitivity Check-2

It is clear from the above graph that the operating point now lies above the Dunbar Factor line

given in red. Now ESP design stage can be carried out.

Pump, Motor and Cable Selection:

After the required calculations and sensitivity check are accomplished, we must select the
suitable pump, downhole motor and cable combination from the list that PROSPER suggests
achieving the target flow rate. It should be noted that Pump Performance should be examined
to see if the operating point lies at or near the Best Efficiency Line. The pump performance is
highest when the operating rate corresponds to the Best Efficiency Line. If the operating point
is above or below the Best Efficiency Line, then the pump efficiency decreases (Oilfield
Review, 2016). For this reason, care must be given to select the best combination of pump,
motor, and cable to be sure that we are at the Best Efficiency Line. By this way we are sure that
the pump will deliver highest efficiency. The following figure depicts the final ESP design stage
on PROSPER:
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ESP Design (master_thesis_model.Out) (Matched PYT)

512728 295266
E40673 | 729298
07e514 | E4.5EE7
E53/E2 | £2.7626
260964 | F0302.6
N7 25,6102

REDA DM 440 101 6 mm [15.9-87 45 m3/day)
Feda 456_90-0_5td 12 BHP 450 17 B4
H#1 Alurninium 0.33 [oltz/1000f) 95 [ampsz] max

Figure 35. ESP, Motor and Cable Selection Screen

As the final stage of ESP design, a combination of pump, motor and cable is selected from the
list provided by PROSPER. Taking the best performance of the pumps into consideration,
REDA DN440 (101.6 mm OD) pump which is manufactured by Schlumberger is selected to
achieve the best efficiency. On the below figure, performance curve of this pump is given, and
it is obvious that operating point given as a red dot perfectly lies on the Best Efficiency Line.
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REDA - DN440 - 82 STAGE(S) (WA-1 04/24/2022 - 13:12:39)

1112.4] in. operatihg range

834.3

Best Efficiency Line (48.5791)

556.2

BH (m)

50Hz

Max. operatingfrange

2781 40 Hz

0 30.9253 61.8508 92.7759 123701

| Operating rate  (m3/day) |

Figure 36. Performance Curve of REDA DN440 ESP

System Calculations:
As a final step, obtained design results are included in the software to perform system
calculations and create IPR and VLP curves. To do that on PROSPER System ESP data menu

should be filled up as described in the following figure:

Done Cancel | Report | E =port | Help

—Input Data

Furmp Depth [Measured] IEEIEi m
Operating Freguency IEﬂi Hertz
b &irnurn Q0 I'Idlili i
Length Of Cable (50  m
Gaz Separator Efficiency |5EI7 percent
Murmber OF Stages |827
Yoltage At Surface IW Wolts
Purmp “wear Factaor |EI'I7 fraction

Gaz DeRating Model |<nu:une> ﬂ
—Current Pump
|RED:: DN440 1016 mm [15.9-87.45 m3/day] |
Current kaotar
|Reda 456_30-0_Std 12 5HP 4504 1754 |
Current Cable
|#1 Aluminium  0.33 Volts/1000f) 35 [amps] max |

Figure 37. ESP input data screen
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In the final step, the vertical lift performance curve is generated, and intersection point between
Pump Discharge Pressure (PDP) curve and VLP curve is achieved which shows the solution
point of ESP-lifted well:

| Pump Discharge Pressure v VLP Pressure Plot (WA-1 04/24/2022 - 13:09:10) |
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= e e e dP Sand Control 0 00025189 (bar)
ﬁ Sand Control Skin  4.7961e-5
o Pump Intake Pressure 30.97 (atm a)
o Pump Discharge Pressure 64.41 (atm a)
Average Rate Through Pump 209.95 (m3/day)
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Motor Efficiency 68.101 (percent)
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0.0763301 19.1245 381727 572208 76.269

[ Liquid Rate (Sm3/day) |

PVT Method Black Ol Top Node Pressure 25 00 (atm a) Inflow Type Single Branch

Fluid Oil Water Cut 5.000 (percent) 4
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well Type Producer Bottom True Vertical Depth 557.0 (m) Gas Coning ;J"n rapp
Artificial Lift Electrical Submersible Pump
Lift Type Surface Equipment Correlation Beggs and Brill Reservoir Model Darcy

Predicting Pressure and Temperature (offshore) Vertical Lift Correlation Petroleum Experts 2

Temperature Model Rough Approximation Solution Node Bottom Node
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L)l d 418 il W SN | P K5
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Compaction Permeability Reduction Model No
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Figure 38. Pump Discharge Pressure vs VVLP Plot for ESP-lifted well

On the figure above, Pump Discharge Pressure is given in blue curve, IPR in green curve and
VLP is shown in red curve, from wellhead to the pump discharge. From the figure above, it is
obvious that the calculated liquid rate and oil rate by PROSPER for this case is 56.7 sm%/day
and 53.8 sm?/day respectively.

Sensitivity analysis for ESP-lifted well:

In this section, sensitivity analysis based on different operating frequencies, reservoir pressure

and water cut are performed to see how the solution node, PDP and VLP curves are affected.

Impacts of Changing Reservoir Pressure:

As the fluids are producing the reservoir pressure will decrease if pressure maintenance is not
carried out. Taking this into account, three different reservoir pressure values along with the
current reservoir pressure that is 82 atm are included on the software and the results are

illustrated in the given table below:
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Table 9. Results of system sensitivity analysis on reservoir pressure depletion (ESP case)

Reservoir Reservoir Reservoir Reservoir
Parameter Pressure (82 | Pressure (70 | Pressure (65 | Pressure (60 Unit
atm) atm) atm) atm)

Liquid Rate 56.7 47.9 41 sm®/day
Oil Rate 53.8 45.6 39 sm3/day
Water Rate 2.8 2.4 2.1 sm®/day

Gas Rate 0.87513 1.047 0.75033 1000
sm3/day

Obtained results show that decreasing reservoir pressure leads to reduced production rate. And
if the reservoir pressure falls to 60 atm, then the well will not flow and production ceases. It
means that there will be demanded to make changes to the downhole configuration. The
following figure is a screenshot showing the PDP and VLP curves and the intersection points

between these two curves:

| Pump Discharge Pressure v VLP Pressure Plot (WA-1 04/01/2022 - 11:29:15) |

64.68

Pressure (atm a)

32.8405)

VLP Cuve X

9.0673 38.13

57.2018

Variables

1:Reservoir Pressure (aim a)
1 =

0=60.00
1=65.00
2=70.00
3=82.00

0 1

45

76.269

Liguid Rate (Sm3/day)

PVT Method Black Oil
Fluid Oil
Flow Type Tubing

Lift Type

Well Type Producer
Artificial Lift Electrical Submersible Pump

Predicting Pressure and Temperature (offshore)

Top Node Pressure 25.00 (atm a)

Water Cut 5.000

Bottom Measured Depth 660.0
Bottom True Vertical Depth 557 0 (m)

Surface Equipment Correlation Beggs and Brill
Vertical Lift Correlation Petroleum Experts 2

(
(percent)
(m)

(

Inflow Type Single Branch
Completion Open Hole
Sand Control Wire Wrapped Scre
Gas Coning No

Reservoir Model Darcy
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Figure 39. Impacts of changing reservoir pressure on PDP & VLP curves (ESP case)
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From the figure above, it can be deduced that there is no intersection point between PDP and
VLP curves when the reservoir pressure is equal to 60 atm. That means solution node is not

achieved at this pressure.

Impacts of Changing Water Cut:

As it is mentioned above, reservoir depletion will lead to increasing water cut values with time
and to simulate the impacts of increasing water production, three different reservoir water cut
values along with the current water cut which is 5% are given on the software and the calculated

results are represented in the table below:

Table 10. Results of system sensitivity analysis on increasing water cut (ESP case)

Water Cut Water Cut Water Cut Water Cut )
Parameter Unit
(5%) (30%) (50%) (70%)

Liquid Rate 56.7 56.6 56.5 58.5 sm®/day
Oil Rate 53.8 39.6 28.2 17.5 sm3/day
Water Rate 2.8 17 28.2 40.9 sm3/day

1000

Gas Rate 0.87513 0.70853 0.53788 0.35628

sm3/day

It is obvious from the above table that increasing water cut does not impact total liquid
production significantly. However, the oil production rate dramatically decreases and there is a

sharp increase in water production rate which is reasonable.

On the following figure, the impact of increasing water cut on VLP, and PDP curves are visible.

It is clear that solution nodes are achieved at each case.
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Pump Discharge Pressure v VLP Pressure Plot (WA-1 04/01/2022 - 15:45:06) |
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Figure 40. Impacts of increasing water cut on PDP & VLP curves (ESP case)

Impacts of Different Operating Frequencies:
It is obvious that higher production rates can be achieved at higher surface operating frequencies
and to see the effects of various operating frequencies, sensitivity analysis based on four

different frequencies are performed and the calculated results are represented in the table below:

Table 11. Results of system sensitivity analysis on different operating frequencies (ESP case)

Operating Operating Operating Operating
Parameter frequency (40 | frequency frequency frequency Unit
Hertz) (50 Hertz) (60 Hertz) (70 Hertz)
Liquid Rate 39.2 49.5 56.7 60.6 sm®/day
Oil Rate 37.2 47.1 53.8 57.5 sm®/day
Water Rate 2.0 2.5 2.8 3.0 sm3/day
Gas Rate 1.055 1.334 0.87513 0.93527 1000
sm®/day

It can be seen from the table above that increasing operating frequencies yield higher production
rates. On the following figure, the effects of various operating frequencies on VLP and PDP

curves and solution nodes are visible:
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Figure 41. Impacts of different operating frequencies on PDP & VLP curves (ESP case)

Model Setup for Continuous Gas Lift Case

This section elaborates performance of the designed well by applying Continuous Gas Lift as

an artificial lift technique. General data and working principle of Gas Lift System has already

been covered in the previous chapter. On PROSPER software to design the Continuous Gas

Lift system the following steps must be followed:

Firstly, gas lift design parameters are introduced into the software on the design menu

Then design production and gas injection rates are calculated

From the calculations above corresponding depth and number of unloading valves and

the operating valve are determined

Then design results (valve positions) are transferred to gas lift input data window

At the end system calculation for a continuous gas-lifted well is performed.

System Summary:

In this section, all required data for Well WA-1 is same as it was for natural drive case and ESP

case, except here Continuous Gas Lift is selected as an artificial lift method. Moreover, pressure
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loss due to friction in annulus is taken into consideration. The following figure is a screenshot

from the system summary window:

Systemn Summary (master_thesis_model.Out)
[one | Cancel | Report ‘ Expart | Help | Datestamp |
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Fange |Fu|| Systemn ﬂ
Separator |Single-5tage Separator ﬂ Clutput |Shu:|w calculating data ﬂ
Emulzions |N|:| ﬂ
Huydrates |DisableWaming j
W ater Viscosity |L|se Default Corelation j
Yizcosity Model |Newtanian Fluid j
el —wiell Completion
Flow Type |Tubing Flow j Type |Dpen Hole j
el Type |F'r0ducel j Sand Contral |Wire Wwiapped Screen j
—tificial Lift —Reservair
Method |Gas Lift [Continuous) j Il T ppe |Single Branch j
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Wiell [
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Date | Saturday . Februay 26, 2022 ﬂ

Figure 42. System summary for gas-lift design case

PVT and IPR Data:
These two sections remain the same as for the Natural Drive Case and ESP Case.

Equipment Data:

In this part all subsections remain the same except the downhole equipment where the tubing
outside diameter must be filled to perform Continuous Gas Lift design. Taking the fact into
consideration that injecting gas as much deeper as possible yields higher liquid rates and well
schematics, setting depth of production tubing is given at 605 m MD (considering sand screen
packer element and production packer). A screenshot from the downhole equipment part is

given in the following figure:
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Figure 43. Downhole equipment data for gas-lift design case

Continuous Gas Lift Design Parameters:

In this section the main input data for Continuous Gas Lift design stage is introduced into the

software. It should be pointed out that the fundamental idea behind gas lift design is achieving

the highest production rate from the modelled well on PROSPER. Here the following

parameters for the Continuous Gas Lift design window are as follows:

First, for design rate method calculation from maximum production is selected to allow
the software to find maximum possible hydrocarbon production rate. This is achieved
by calculating optimum gas injection rate and gas injection depth by PROSPER.
Maximum liquid rate is required to be included in for the above-mentioned calculation
method. Taking AOF into consideration, maximum liquid rate is chosen as 76.3 sm*/day
for this case.

The biggest obstacle for gas lift design scenario in West Absheron field is finding proper
and good source for lift gas and installing compressor station to deliver lift gas at
required injection rate. For this case and designed well 20000 sm*/day volume of gas
for daily injection purposes is thought as a good assumption considering the obstacles
stated above (see the sensitivity analysis given in Table 13 ).

Maximum gas available for unloading shallowest valve is generally taken as same as
maximum volume of available gas.

Flowing top node pressure is generally equal to the manifold pressure if the surface
equipment section is modelled on PROSPER. Otherwise, flowing wellhead pressure
must be included in. Thus, for this scenario, 25 atm flowing wellhead pressure is taken
as an input data.

It is a general practice to leave the unloading top node pressure the same as flowing top

node pressure.
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Operating injection pressure is the pressure available at the casing head that is provided
by the gas injection system. It should be noted that 7 P-110 production casing in the
wells that have recently been drilled in West Absheron oilfield can withstand at least
150 atm pressure. So, the well schematic is not a main constraint on well casing head
pressure. For this scenario, 60 atm pressure is included in as an operating injection
pressure (see the sensitivity analysis given in Table 13).

Kick off injection pressure is usually set equal to the normal operating injection pressure
and this pressure is required by PROSPER to set depth of the first unloading valve. It is
obvious that if higher pressure can be provided, then the injection will be only through
the operating valve, meaning that there is no need to install unloading valves.

Desired pressure loss across valve is usually set in the range of 100-250 psi (6.8-17.01
atm) to be sure that gas injection system and well is functioning properly. For this model
desired dP across valve is set 17.2369 bar.

Maximum depth of injection is constrained by the setting depth of production packer
and for Well WA-1 considering packer setting depth, maximum depth of injection is set
at 600 meters.

Water cut remains the same as it is provided in IPR data input window.

Minimum spacing between gas lift valves is left as its default value of 250 ft (76.2
meters) and normally spacing between valves is chosen from a range of 200-400 ft. This
value is required to stop the calculations performed by PROSPER if the next valve is
calculated to be set at the depth that is less than 250 ft.

The wells in West Absheron oilfield are generally completed by 1.55 sg (0.67 psi/ft)
completion brine and this value is set as static gradient of load fluid for modelling this
scenario.

Valve type is set as “Casing sensitive” on PROSPER. The value that is given for
minimum casing head pressure drop for each valve shows that that amount of reduction
in casing head pressure is needed to close the gas lift valves. For this model, 50 psi
(3.447 bar) pressure drop is set which is a recommended value.

For the valve settings, “All valves PVo = Gas pressure” is chosen. When this setting is
chosen unloading valves will close by using either the maximum of pressure drops to
shut the valves or closing pressure drop calculated by PROSPER. Even though this
setting leads to a reduction on the available gas injection pressure and hence lower
production rates, it is recommended to apply this setting when a new gas lift system is

designed.

70|Page



e Dome pressure correction above 1200 psig is enabled to ensure that valve dome pressure
temperature correction at higher pressures is accurate. This option is the default and
recommended by the software as well.

e Check rate conformance with IPR is enabled as well to be sure that the calculated liquid
rates by PROSPER can be met by reservoir deliverability. When this option is enabled
PROSPER tries to calculate the highest liquid rate possible in conformance with IPR.

e Use IPR for unloading is set to “Yes” that is a recommended option. This method
enables using IPR for sizing unloading valves.

e As a final step, a gas lift valve should be selected from the PROSPER database which
is visible on the right-hand side of the data input screen. For this scenario, Camco R-20
Normal Valves with port sizes in a range of 8 to 32 64 " inch are selected. It should be
stated that PROSPER tries to define which port sizes will deliver the optimal production
rate. That means a different valve manufactured by another company may require
different port size for the gas lift modelling. However, in any case the software still
calculates optimal production rates. Considering this statement, the type of valve

included on the software is not a big issue if the valves are casing sensitive.

The following figure shows the gas lift design input on the software:
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Figure 44. Gas-lift design input menu

Performing the Gas Lift Design

After the basic input data is introduced into the software the next step is designing a gas lift

system. PROSPER calculates the Gas Lift Performance Curve and determines the optimum gas

lift injection rate. Optimum gas lift injection rate yields the maximum oil production in the

system. Maximum gas available is set 20000 sm®/day and PROSPER calculates that optimum

gas injection rate is 20000 sm3/day, which is equal to maximum gas available. Nevertheless,

this rate is not the final value, because the unloading process and valve setting depth is not yet

considered. The figure below represents the gas lift performance curve:
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Gds Lift Design - Performance curve Plot (WA-1 04/24/2022 - 17:44:42)
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Figure 45. Gas lift performance curve

From the figure above, maximum oil production that the injection gas rate can deliver is around
51.76 sm3/day. However, this may not be the optimum gas injection rate if the economics of
the project is taken into consideration. Generally, the economic optimum of this curve lies on
the left of technical optimum. It is clear from the above figure that injecting 42000 sm®/day lift
gas will deliver maximum oil production and then the production rate will be almost constant
at this value. Nevertheless, after injecting nearly 76000 sm®/day of gas, the curve starts
declining because large amount of gas in the system leads to an increase in frictional pressure

losses. Thus, production rate starts declining.

Valve Positioning:

Finally valve spacing procedure is carried out on PROSPER. During the calculations, the oil
rate is checked for the conformance with the IPR and if necessary, the design rate is reduced by
the software. It is worth mentioning that PROSPER checks the available gas injection rate to
achieve designed rate and if the amount of available gas is less than required gas injection rate,

then target oil production is reduced.

On the following figure positions of unloading valves and continuous injection depth are
represented:
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Figure 46. Gas lift valves setting

It becomes clear that 2 unloading valves and one orifice type valve are required for this gas lift

design. The following figure is a screenshot from the gas lift design calculation window:
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Figure 47. Gas lift design calculation window

The following table includes all calculations related to the gas lift valve positioning procedure:

Table 12. Gas lift valve spacing results

True Valve Valve | Gas Lift _
Measured ] _ ) Port Size
Valve Valve Vertical | Opening | Closing | Gas Rate

Depth (64ths
Number Type m) Depth | Pressure | Pressure | (10000 inch)

m inc

(m) (atm) (atm) smq/d)

1 Valve 222.103 | 219.114 | 61.1765 | 60.6364 | 1.56207 8

2 Valve 429.575 | 392.181 | 58.6963 | 57.7194 | 8.94982 12

3 Orifice 600 515 15.6208 11
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After all calculations and valve spacing procedure, the final gas lift injection rate, design
production rate and injection pressure are determined and given in the following table. It is
noteworthy to mention that sensitivity analysis based on the gas injection rate and operating
injection pressure values are performed to see how design results are affected. For this purpose,
four different scenarios are considered. For a given gas injection rate, injection pressure values
ranging from 50 atm to 70 atm are included in software and design results are obtained. Then
another value for gas injection rate is selected and same injection pressure values are applied.
The table below represents the obtained design results:

Table 13. Sensitivity analysis to decide gas lift gas injection rate and injection pressure

Input data Design results
Gas o Gas o
Scenarios injection Injection Oil rate, injection Injection
pressure, pressure,
rate, 1000 sm%/d rate, 1000
atm atm
smd/d sm3/d

20 50 25.16 13.59 50

20 55 29 2.13 55

Casel 20 60 51.05 15.62 53.2
20 65 45.57 3.9 61.6

20 70 51.05 15.62 66.6

25 50 25.17 14.11 50

25 55 46.69 19.72 48.2
Case 2 25 60 51.23 17.24 53.2
25 65 45.72 4.02 61.6
25 70 51.23 17.24 66.6

30 50 25.07 10.84 50
30 55 46.8 20.18 48.2
Case 3 30 60 51.35 18.55 53.2
30 65 49.33 29.4 61.6
30 70 51.35 18.55 66.6

35 50 25.16 13.83 50
35 55 46.9 20.54 48.2
Case 4 35 60 51.46 19.66 53.2
35 65 49.42 32.02 61.6
35 70 51.46 19.66 66.6
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Among the four different scenarios, Case 1 with 20000 sm®day injection rate and 60 atm
injection pressure is considered as the best option. The main selection criteria here is that in
West Absheron oilfield the lift gas source is the major challenge and for this reason injecting
as small volume as possible to get highest production is the main target. It is noteworthy to
mention that increase on gas injection rate is not affecting oil production rate and the obtained
design results on oil production rate are very close to each other. So, by doing this sensitivity
check, 20000 sm®/day injection rate and 60 atm injection pressure can be quantified as the best
design for gas lifting technique considering the economics of the project and source of lift gas.

Gas Lift Stability Check:

Finally, the gas lift valves should be checked for system stability. To achieve that PROSPER
enables us to perform stability analysis. System stability analysis proposed by Harald Asheim
is done based on two criteria, known as first criterion (F1) and second criterion (F2). The first
criterion (F1) shows the well’s inflow response (IPM PROSPER User Manual ,Version 11.5,
January 2010). It states that in case of a decrease in tubing pressure there will be an increase in
the average density of the mixture if the reservoir fluid rate is more responsive to pressure
changes compared to the lift-gas rate. At the end tubing pressure will increase and this will
stabile the flow. If the first criterion is not achieved, then decrease on tubing pressure will lead
to an increase on the injected gas flow rate compared to the liquid flow rate. This in turn leads
to a decrease in both tubing pressure and casing pressure. However, in case of decrease on the
casing pressure is quicker than decrease on the tubing pressure, then pressure differential
between the casing and tubing will also decrease and lift-gas injection rate will also decrease.
This will lead to stabilization of the flow. It is known as the second criterion (F2). PROSPER
can calculate the stability of gas lift system based on the two criterions mentioned above. To
achieve the stability of the gas lift system, one of the two criterions should be greater than 1. In
our case, calculated values of F1 and F2 are equal to 1.10405 and -1.52578 respectively,

showing that a stable flow can be achieved by this design work:
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Figure 48. Gas lift valve stability criteria

System Calculations:

As a final step, obtained design results are included in the software to perform system
calculations and create IPR and VLP curves. To do that on PROSPER System Gas Lift data
menu should be filled up as follows:

e Gas lift gas properties: here gas lift gas gravity, any impurities present in the lift gas and
predetermined injection gas rate are included in the system

e As the gas lift valves positioning has already been performed, Valve Depths Specified

method is selected as gas lift method

e Designed injection pressure value and dP across the unloading gas lift valves are entered
into the system

e Finally, predetermined valve positions are transferred from the earlier performed Gas
Lift design.
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The following figure is a screenshot from gas lift input data window:
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Figure 49. Gas lift input data screen

Finally, the vertical lift performance curve is generated, and intersection point between IPR

curve and VLP is achieved:

[ Inflow (IPR) v Outflow (VLP) Plot (WA-1 04/24/2022 - 14:23:57)
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Figure 50. IPR and VLP plot for gas lift case

On the figure above, IPR is given in green curve and VLP is shown in red curve, and it is
obvious that the calculated liquid rate and oil rate by PROSPER for this case is 53.5 sm®/day
and 50.8 sm3/day respectively.
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Chapter 4: Discussion and Conclusions

The fundamental objective of this thesis work is to comparatively analyse the implementation
of natural drive and artificial lift techniques, specifically said Electrical Submersible Pump
(ESP) and Continuous Gas Lift for hydrocarbon production in West Absheron oilfield, which
is in Absheron archipelago, the Caspian Sea. To make this comparison, a mathematical model
including various sub models are created in a special computer software, namely PROSPER to
predict the achievable hydrocarbon production rates for three different cases (natural drive,
ESP, and continuous gas lifting) on the basis of a synthetic well data, namely Well WA-1.
Based on the data collected from nearby wells drilled in West Absheron oilfield a new synthetic
well is modelled on PROSPER. All required data with regards to PVT, deviation survey,
geothermal temperature profile, and downhole equipment is introduced into the software and
IPR curve is constructed. After that modelling of natural drive case, ESP case and continuous
gas lift case are done and through system calculations menu the operating points in the
intersection point of between IPR and VLP curves are generated for each case. The obtained
results show that in case of natural drive case the modelled well oil production is equal to 17.6
sm?/day with the operating bottom hole pressure equal to 67.37 atm. However, if artificial lift
techniques are applied, the production rate is significantly increased. So that for ESP case
REDA DN440 (101.6 mm OD) pump which is manufactured by Schlumberger is modelled on
PROSPER with downhole gas separator to achieve the best performance out of the pump and
the system calculations yield that oil production rate is equal to 53.8 sm3/day. Finally designing
of continuous gas lift is modelled on PROSPER and it turns out that gas lift system with 2
unloading valves and 1 operating valve with 15620.8 sm*/day injection rate and 53.1954 atm
injection pressure can produce oil equal to 50.8 sm?®/day with a stable flow. Sensitivity analyses
are also performed for each case separately and it is clear that changing reservoir pressure, water

cut and GOR are badly affecting the oil production.

From the obtained results, it is obvious that application of ESP and continuous gas lifting yields
higher production rates and by this way production enhancement and optimization can be
achieved. For the application of continuous gas lifting, the biggest obstacle is the unavailability
of source gas because production wells in West Absheron oilfield currently produce too little
volume of gas (solution gas) which cannot be a source for gas lifting and what is more, a gas
lift compression station and all required surface facilities and pipeline network should be
installed in the field as well. The lift gas can be obtained from a nearby gas producing field if
possible. However, if the CAPEX of this plan is considered, application of gas lift system seems
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unfavourable. For the ESP case, a detailed planning is highly demanded to realize this project
because ESPs have a limited lifetime and there will be a need to change the downhole
completion (workover, maintenance) in ESP lifted wells when they experience failure, leading
to increased OPEX during the ongoing field development project. Comparing this factor to that
of gas lifting system, it should be noted that gas lifting is a very simple, commonly applied
artificial lift method where little can go wrong. From the obtained results and specifically
unavailability of source gas and required infrastructure in the study area, it can be concluded
that implementation of ESPs for hydrocarbon production enhancement purposes in future wells

that will be drilled in West Absheron oilfield seems to be superior choice.
Recommendations

It should be emphasised that although the modelling done on PROSPER for this thesis work is
successful and the best option to optimize and maximise the hydrocarbon production in West
Absheron oilfield can be selected, in reality this planning is far too complex and production
optimization should be done for every well individually considering the available input data for
each well. In case of field production optimization and enhancement, more sophisticated
software is required to make an integrated approach considering the surface network of present
wells and subsurface data. Besides an elaborated economic analysis should be carried out to
decide on the best suitable artificial lift technique for hydrocarbon production acceleration

purposes.
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Appendix

PVT - Correlation Parameters (master_thesis_model.Out) (Cil - Black il matched)

e e

1.61372 5.65785 468332 5.69329 5.56248 841153

Reset Reset Reset Feset Reset Reset

EEEFEFFE
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e T ET T E

00019343 0.02551 0.014387 0.010355

Fezet Reset Reset Fezet Fezet

Figure 51. PVT data match results
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Figure 52. Downhole schematic of natural drive case
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Figure 54. Downhole schematic of gas lift case
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Valve |Number Valve Type MMeazured] True Tubing | Cazing | Transfer | Temperature | Gaszlift |Port Size| K Value | Valve Valve Dome |TestRack|Opening | Closing
Number Of Depth | Vertical | Pressure | Pressure | Pressure & Valve Gaz Rate Opening | Closing |Pressure |Opening | CHP CHP
Valves Depth Preszsure | Preszure Prezzure
() (m) fatm a) | fatme) | (e a) (deg C) (10008m | (6<4chs inc feime) | fame) | fena) | (etme) | (ame) | faina)
1 1 Valve 222. 2181 2541 61.18 37.35 25.51 1.562 3 0.017 61.18 60.64 38.32 35.31 60.00 3546
2 1 Valve 4286 3022 32584 38.70 3542 29.96 3.950 12 0.038 38.70 37.72 34.70 36.52 36.60 55.62
3 1 Crrifice 600.0 3150 35.55 62.75 35.59 31.78 15.621 11 33.20
Figure 55. Gas lift valve positioning calculation results
Liguid | Oil Rate VLP IPR dP Total dP dP dP Completion| dP Sand Sand Total Skin [ WellHead | WellHead |dP Friction |dP Gravity
Rate Prezssure | Pressure Skin [Perforation| Damage |Completion Skin Control Control Prezsure |Temperature
Skin
(Sm3dday) |(Sm3dday) | (aim a) {aim a) (Bar) (bar) (Bar) (Bar) (Bar) (e o) (deg CJ (bar) (Bar)
0.07633 | 0072514 68.17 31.54 0017784 0 0 0 3.00 2.8408=-7 | 4.7547=2-5 3.00 25.00 15.01 2.8336=-5 43.742
0.10979 0.1043 68.17 3191 0025578 0 0 0 3.00 4.0864=-7 | 4.7547=2-5 3.00 25.00 15.01 4. 24852-5 43740
0.15792 | 0.15003 68.17 51.83 0.036788 0 0 0 3.00 5.8778=-7 | 4.7547=-5 3.00 25.00 15.01 6.111=-3 43.737
022716 02158 63.16 81.82 0.052014 0 0 0 3.00 8454527 | 4.7047=-5 3.00 25.00 15.02 8.7%=-5 43.734
032674 03104 68.16 31.74 0.076118 0 0 0 3.00 1.2161l=-6 | 4.75472-5 3.00 25.00 15.03 00001264 | 43728
046558 | 044648 68.15 51.63 0.10543 0 0 0 3.00 1.7452=-56 | 4.7547=-5 3.00 25.00 15.04 00001818 | 43.721
067601 | 06422 63.14 31.47 0.15747 0 0 0 3.00 2.516le-5 | 4.75472-5 3.00 25.00 15.05 00002615 | 43.710
0.97237 | 0.92375 68.12 51.23 022651 0 0 0 3.00 3.6151=-6 | 4.7547=2-5 3.00 25.00 15.08 00003762 | 43.654
14 13 68.10 30.85 (32582 0 0 0 3.00 3.2057=-6 | 4.7547=2-5 3.00 25.00 1511 00005412 | 43672
2.0 15 63.07 30.41 046863 0 0 0 3.00 7.4878=-6 | 4.7548=-5 3.00 25.00 15.16 00007784 | 43.641
2.9 2.7 63.03 79.71 067400 0 0 0 3.00 1.077=-5 | 4.7948=-5 3.00 25.00 1523 0.0011193 [ 43.508
4.2 4.0 67.97 78.71 0.96062 0 0 0 3.00 1.5452=2.5 | 4.7548=-5 3.00 25.00 1532 00016106 | 43333
6.0 5.7 67.88 T77.26 1385 0 0 0 3.00 22284=-5 | 4.754%=-5 3.00 25.00 1547 00023153 [ 43443
3.6 8.2 67.76 75.19 2006 0 0 0 3.00 3.2054=-5 | 4.7952-3 3.00 25.00 15.67 00034452 | 43324
12.4 11.8 67.60 72.20 2386 0 0 0 3.00 4.6107=-53 | 4.7551=-5 3.00 25.00 1596 00054481 [ 43.161
17.8 16.9 67.30 67.90 4151 0 0 0 3.00 6.6322=-5 | 4.7853=-5 3.00 25.00 1638 000585447 | 42548
25.6 243 67.13 61.73 3970 0 0 0 3.00 5.54022-5 | 4.7555=2-5 3.00 25.00 16.99 0.019056 42.671
36.9 350 66.82 52.84 8387 0 0 0 3.00 00001372 | 4.7858=-5 3.00 25.00 17.83 0036357 42335
330 304 6595 3544 12973 0 0 0 3.00 00001574 | 4.7863=-5 3.00 25.00 18.8% 0065564 41.311
763 72.5 65.46 147 37437 0 0 0 3.00 00002340 | 4.7871=-5 3.00 25.00 2046 0.13191 40.716

Figure 56. Natural drive case system calculation results




Liguid | Oil Rate VLP IPR dP Total dP dP dP Completion | dP Sand Sand Total |WellHead | WellHead dP dP Pump Pump
Eate Preszsure | Pressure Skin  Perforation| Damage (Completion Skin Control | Comntrol Skin Prezzure [Temperature| Friction | Gravity | Intake | Discharge
Skin Prezszure | Pressure
(Sm3dday | (Sm3day | fama) (atm a) (Bar) {Bar) (Bar) {Bar) {Bar) fatm a) {deg CJ {bar) {Bar) f{atm a) (atm a)
0.07633 0 5.20 81.54 0.017734 0 0 0 3.00 2.84082-7 |4.7847=-5 3.00 25.00 15.01 285385 | 43,746 78.97 128.36
0.1087% 0 65.20 81.91 0.025578 0 0 0 3.00 4086427 [4.7847=-5 3.00 25.00 15.01 4. 2488=-5 | 43.744 78.54 128.34
0.15752 0 65.2 51.88 0.036788 0 0 0 3.00 5.8778e-T[4.7547=-3 3.00 25.00 15.01 5.1115e-3 | 43.742 78.50 128.30
022716 | 0.2158 652 81.82 0.052914 0 0 0 3.00 3454527 |4.7847=-5 3.00 25.00 15.02 8.7907=-3 | 43.738 78.83 128.23
0.32674 | 03104 65.19 3174 0.076118 0 0 0 3.00 1.21612-6|4.7847=2-5 3.00 25.00 15.03 0.000126 | 43.733 78.77 123.17
046508 | 044648 65.18 81.63 0.10548 0 0 0 3.00 1.7452=-6|4.7547=-3 3.00 25.00 15.04 0.000181 | 43.725 78.66 125.06
0.67601 | 0.6422 65.17 3147 0.15747 0 0 0 3.00 2.5161=-6[4.7547=-3 3.00 25.00 15.05 0.000261 | 43.714 78.45 127.91
0.97237 | 092375 63.16 81.23 0.22651 0 0 0 3.00 3.61912-6|4.7847=-5 3.00 25.00 15.08 0.000376 | 43.695 78.26 127.68
1.4 1.3 65.13 80.85 0.32582 0 0 0 3.00 5.2057=-6(4.7847=-3 3.00 25.00 15.11 0.000541 | 43.677 77.92 127.36
2.0 1.9 65.10 80.41 0. 46863 0 0 0 3.00 74878=-6|4.7048=-3 3.00 25.00 15.16 0000778 | 43.645 7744 126.89
25 2.7 65.06 78.71 0.67405 0 0 0 3.00 1.077=-5 [4.7543=-5 3.00 25.00 1522 0.001115 | 43600 76.74 126.21
42 4.0 65.00 78.71 0.96962 0 0 0 3.00 1.54822-5 |4.7948=-5 3.00 25.00 15.32 0.001610 | 43.336 75.74 125.2
6.0 5.7 5401 77.26 1.385 0 0 0 3.00 2.2284=-5[4.7848=-5 3.00 25.00 1547 0002315 | 43448 74.25 123.81
5.6 5.2 64,75 75.189 2.006 0 0 0 3.00 3.2054=-5| 4.785e-5 3.00 25.00 15.67 0.003445 | 43326 72.22 121.73
12.4 11.8 64.63 72.20 2.886 0 0 0 3.00 4 51072-5 |4.7851=-5 3.00 25.00 15.96 0.005445 | 43161 69.23 113.73
17.8 16.9 G442 £7.90 4.151 0 0 0 3.00 6.6322=2-5[4.7853=2-5 3.00 25.00 16.38 0008547 | 42842 64,04 114.16
25.6 243 64.16 61.73 5.970 0 0 0 3.00 ©.5402=-5 [4.7855=-3 3.00 25.00 16.98 0015045 | 42.664 58.76 107.0%
36.5 35.0 63.85 52.84 8.587 0 0 0 3.00 0.000137 |4.7958=-3 3.00 25.00 17.83 0.036562 | 42325 4588 85.78
53.0 304 64.17 3044 12975 0 0 0 3.00 0.000187 |4.7963=-5 3.00 25.00 158.53 0.067072 | 42535 36.51 76.18
76.3 72.5 63.70 1.47 37437 0 0 0 3.00 0.000284 |4.7971=-3 3.00 25.00 20.46 0.12301 | 41.321 1.27 1.28

Figure 57. ESP case system calculation results
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Liguid | il Rate VLP IFR dP Total dP dP dP Completion| dP Sand Sand Total Skin | WellHead | WellHead [P Friction|dP Gravity | Injection
Rate Pressure | Pressure Skin  Perforation| Damage |Completion Skin Control Control Pressure |[Temperature Depth
Skin
(Sm3iday) ((Sm3/day) | (e a) fatm a) {Bar) {Bar) {Bar) {Bar) {Bar) faim a) {deg C) {bar) {Bar) )
0.07633 [0.072514 3185 31.54 0.017784 0 0 0 3.00 2.84052-7 | 4.7847=-5 3.00 25.00 16.06 0.069125 6.973 600.0
0.10875 0.1043 3185 3151 0.025578 0 0 0 3.00 4 0864=-T | 4784725 3.00 25.00 15.06 0.069457 6.973 600.0
0.15752 | 0.15003 3185 81.88 0.036788 0 0 0 3.00 5.8778=2-T7 | 4.7847=-5 3.00 25.00 16.07 0.069936 6.972 600.0
0.22716 0.2158 3155 §1.82 0.052514 0 0 0 3.00 §.45452-T | 4.75847=-5 3.00 25.00 16.07 0.07063 6.972 G00.0
032674 | 03104 3155 81.74 0.076118 0 0 0 3.00 1.2161=-6 | 4.7547=-5 3.00 25.00 16.08 0.071637 6.972 G00.0
045558 | 0.445438 3155 81.63 (.10548 0 0 0 3.00 1.74582=-5 | 4.7547=-5 3.00 25.00 16.0% 0.073106 6.971 G00.0
0.67601 | 0.6422 3156 8147 0.15747 0 0 0 3.00 2.5161=-6 | 4.7547=-5 3.00 25.00 156.11 0.075255 6.970 &00.0
0.97237 | 0.82373 3156 81.23 0.22651 0 0 0 3.00 3.61591=-6 | 4.7547=-5 3.00 25.00 16.13 0.077552 6.969 &00.0
14 1.3 3156 30.89 0.32582 0 0 0 3.00 52057=-6 | 4784725 3.00 25.00 156.16 0.030%4 6.967 B00.0
2.0 1.8 3156 3041 046365 0 0 0 3.00 7.4878=2-6 | 4.7548=-5 3.00 25.00 1621 0.086208 6.965 G00.0
258 2.7 3157 7871 0.6740% 0 0 0 3.00 1.0772-5 [ 4.7948=-3 3.00 25.00 1628 0.094032 6.961 G00.0
42 4.0 3157 78.71 0.96962 0 0 0 3.00 1.54822-5 | 4754825 3.00 25.00 1638 0.1057% 6.936 600.0
6.0 5.7 32.08 77.26 1.385 0 0 0 3.00 2.22842-5 | 4754825 3.00 25.00 16.52 0.12045 7.035 600.0
58 2 33.09 75.19 2.006 0 0 0 3.00 3.2054=-3 | 475523 3.00 25.00 16.72 0.11637 3.083 600.0
124 11.8 3416 7220 2.836 0 0 0 3.00 4 6107=2-3 | 4.7851=-3 3.00 25.00 17.01 0.12335 5157 600.0
17.8 16.9 3540 67.50 41351 0 0 0 3.00 $.6322=2-3 | 4785325 3.00 25.00 1742 0.1401 10.392 600.0
25.6 243 36.36 61.73 5.870 0 0 0 3.00 5.5402=-3 | 4795525 3.00 25.00 15.00 0.183004 11.326 G00.0
36.5 35.0 3731 52.54 8.387 0 0 0 3.00 0.0001372 | 4.7958=-3 3.00 25.00 15.51 0.24873 12.217 G00.0
33.0 304 38.71 3544 12875 0 0 0 3.00 0.0001574 | 4.7563=-3 3.00 25.00 15.88 0.35014 13.537 G00.0
763 725 4020 1.47 37437 0 0 0 3.00 0.0002840 | 4.7971=-3 3.00 25.00 2121 0.5222 14.870 &00.0

Figure 58. Gas lift case system calculation results
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