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RESUMO

A simulacdo acoplada de pogos e reservatorios ¢ de grande importincia para que se possa
obter resultados confidveis de produgdo em campos de hidrocarbonetos; neste sentido, este
trabalho apresenta os passos para o desenvolvimento de um simulador de acoplamento
incompletamente implicito. Uma apresentacao do sistema fisico a ser simulado, bem como de
trabalhos anteriores que abordaram a solucdo acoplada deste sistema ¢ realizada. Para o
desenvolvimento do simulador principal foram acoplados um simulador de reservatorio, um
simulador de escoamentos bifdsicos permanentes que ndo considera influxos radias e um
simulador que representa a regiao do pogo que recebe influxo do reservatério também de
regime permanente; estes trés simuladores foram acoplados de 4 maneiras diferentes. Além
deste simulador de acoplamento principal, em que o reservatorio ¢ simulado de maneira
transiente utilizando o método de volumes finitos, foi desenvolvido um simulador secundario
que resolve o reservatorio utilizando a equagdo do balango de massa. Os primeiros resultados
obtidos estavam relacionados a possibilidade de se adaptar uma correlagdo bifasica que
originalmente ndo considerava influxos radiais para um cenario com esse tipo de influxo.
Esses resultados mostraram que em pocos horizontais, os numeros obtidos para a perda de
pressao dentro do poco foram bastante diferentes utilizando a correlagdo antes e depois das
modificacdes; além disso, os resultados depois das modificagdes se aproximaram mais dos
nimeros de referéncia obtidos com uma correlacdo originalmente desenvolvida para
considerar os influxos do reservatdrio. Os resultados obtidos com o simulador de reservatorio
discretizado foram bastante satisfatorios, indicando que o simulador acoplado foi
efetivamente desenvolvido. A comparagdo dos quatros métodos de acoplamento
implementados apontou que os métodos em que os trés simuladores iteram em apenas um
lago iterativo sd3o menos suscetiveis a falhas, mas necessitam mais iteracdes quando
comparados com os métodos que utilizam dois lagos. Além disso, o trabalho utilizou um
simulador de pogo que permitia o uso de 4 correlagdes para o poco sem influxo e de 2 duas
para a regido do pogo sob influxo do reservatério; os numeros obtidos para a perda de
pressao utilizando cada um desses modelos foram comparados, € as comparagdes mostraram
que os resultados obtidos para a produgdo variaram muito de acordo com o modelo utilizado
na regiao sem influxo. Em fun¢do do menor comprimento, a correlacdo utilizada na regiao do
poco com influxo foi pouco influente. Finalmente o simulador acoplado foi utilizado para
simular situagdes similares de producdo com raios diferentes; os resultados indicam que os
impacto dos raios, ainda que sempre tenham resultado em maior produgdo por surgéncia
quando o menor raio foi utilizado, podem variar muito de acordo com a correlacao utilizada.
Desse modo, os resultados finais obtidos foram bastante satisfatorios, trabalhos futuros devem
focar em aproveitar a estrutura desenvolvida para simulagdes que se aproximem de situagdes
mais especificas de producdo, como prever formacao de carga de liquido no pogo.

Palavras-chave: Acoplamento pogo-reservatoro. Correlagdes de fluxo multifasicas. Sistema
de producgao de petrdleo.



ABSTRACT

The coupled simulation of wells and reservoirs is of great importance in order to obtain
reliable production results in hydrocarbon fields; in this sense, this work presents the steps for
the development of an incompletely implicit coupling simulator. A presentation of the
physical system to be simulated, as well as of previous works that addressed the coupled
solution of this system is made. For the development of a main simulator, all these simulators
were coupled: a reservoir simulator, a simulator of steady-state two-phase flows that does not
consider radial inflows and a steady-state simulator that handles the region of the well that
permanently receives influx from the reservoir; these three simulators were coupled in 4
ways. In addition to this main coupling simulator, in which a reservoir is simulated in a
transient way using the finite volume method, a secondary simulator was developed to
simulate the reservoir using the mass balance equation. The first results obtained were related
to the possibility of adapting a two-phase correlation that originally did not consider radial
inflows for a scenario with this type of influx. These results showed that in horizontal wells,
the pressure loss figures in the well can vary a lot if the correlation is used before or after
the modifications; in addition, the results after the modifications were closer to the reference
numbers obtained with a correlation originally developed to consider the inflows from the
reservoir. The outcome obtained with the discretized reservoir simulator was quite
satisfactory, indicating that the coupled simulator was effectively developed. The comparison
of the four coupling methods implemented showed that the methods in which the three
simulators iterate in only one iterative loop are less susceptible to failures but require more
iterations when compared to the methods that use two loops. Besides that, this work used a
well simulator that allowed the use of 4 correlations for the well region without inflow and
two correlations for the well region under inflow from the reservoir; the figures obtained for
the pressure loss using each one of these models were compared, and the comparisons showed
that production results varied a lot in line with the model applied in the region without
inflow. In the face of a shorter length, the correlation used in the region of the well with
inflow was not very influential. Finally, the coupled simulator was used to simulate similar
situations of production with different radii; the results indicate that the impact of the radius,
despite having always resulted in greater production due to the reservoir natural energy when
the smallest radius was used, can vary a lot according to the correlation used. In the face of
the satisfactory end results achieved, future works should focus on taking advantage of the
structure developed for simulations that approach more specific production situations, like
predicting the formation of liquid loads in the well.

Keywords: Well-reservoir coupling. Multiphase flow correlations. Petroleum Production
System.
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1 INTRODUCTION

According to BP Energy Economics (2019), if technologies, government measures and
also public opinion maintain the same trend and the same influence that they have today on
the energy field, the use of oil as an energy source will grow in absolute numbers until 2030
and will remain stable until 2040, even if oil percentage share of the energy market decreases.
In this scenario, natural gas would gain significant space, accounting for almost 85% of the
growth in energy supply, surpassing coal as the second primary energy source and evolving to
reach oil in the first position (BP ENERGY ECONOMICS, 2019).

Based on the report presented by the International Energy Agency (2018), a possible
scenario is that oil demand will continue to grow until 2040; this expectation derives from a
context in which new policies for renewable energies are adopted; even assuming another
scenario in which sustainable development is forseen, oil production would still be above 60
million barrels per day.

This work will address a specific field of the oil industry: the production engineering.
According to Souza (2013), in general, a complete oil and gas production system comprises a
reservoir, a well, flow lines, separators, pumps and pipelines for transporting fluids. Guo,
Lyons and Ghalambir (2007) points out that petroleum production engineering aims to get the
maximum rentability of oil and gas from a field and guarantee that each increase in field

investment has an advantageous return. Figure 1.1 represents a production system.

Figure 1.1 Schematic representation of a production system for one reservoir
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Bret-Rouzaut and Favennec (2011) point out that exploration costs are low when
compared to the cost of developing an oil field. Implementing the production system, either
using drilling wells or surface equipment, is one of the most costly stages of oil field
development. In this respect, the correct design of the production system reduces the
significant costs of the development of the field while, according to the Bret-Rouzaut and
Favennec (2011), the costs with engineering studies do not have a great percentage impact.
Then, an improvement of design techniques for production systems can generate great savings
in the final result.

To reduce costs of the production system, the possibilities are the integration of the
reservoir, flow assurance, sub-sea engineering and well and topside design, as pointed out by
Nunes, Silva and Esch (2018). In Egbe, Sanni and Chiroma (2018), the authors analyze the
advances of the integration of technologies used in WRFM (wells, reservoirs & facility
management), identifying that the major need for improvements in analytical field
management is related to the development of programs that allow the digitalization of
processes. This improvement must be made so that human intervention is unnecessary to
integrate the results of a reservoir program with another well program, for example.

Given these circumstances, this work will focus on developing a computer program
that allows the integrated simulation of the well-reservoir system, requiring the coupling of
these items and the region under direct influence of both. In order to proceed to the coupling
simulation, the model will be divided in three components that are simulated separately and
combined by a sophisticated nodal analysis (Figure 1.2). These three components are:

-Reservoir — which is simulated using the pressures in the wellbore as a boundary
condition to obtain the flow-rates of each fluid;

-Wellbore — which is defined as the region of the tube in the production zone and uses
BHP as boundary condition determined by the well and flow-rates as boundary conditions
determined by the reservoir to obtain the distribution of pressures in the production zone. This
definition is not largely utilized, but it is applied in his work in order to facilitate the
comprehension of the division made in this study;

-Well — which is the region of the tube that is not under flow from the formation. It
uses BHP as boundary condition determined by the wellbore and THP as boundary condition
at the wellhead.



Figure 1.2 Model division utilized by this work
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1.1 WELL
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The well comprises the production tube that is used to carry the fluids from the

reservoir to the surface and all the equipment and structures responsible for maintaining safety

and flow control. In the case of a simple well in which the flow derives from the natural

energy of the reservoir, these equipments and structures are the production linings, safety
valves, flow control and hangers (GUO; LYONS; GHALAMBIR, 2007). In this simplified

case, starting above the reservoir region open to the flow, the well takes the fluids to the

production head where a valve (known as the choke valve) adjusts the pressure and the flow

coming from the reservoir.

The physics found inside an oil well can be complex as the different fluids can be

found in different configurations that will generate effects that are not well represented by

analytical models and are not easily simulated by any numerical method.
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To represent the behavior of fluids in the well, firstly it is necessary to understand the
type of flow: if it is single-phased (only oil or only gas) the approach to pressure loss using
the friction factor as presented in Fox, McDonald and Pritchard (2014) can be applied (with
adaptations eventually being necessary for compressible gases).

However, if multiphase flow occurs, because of the infeasibility to use computational
fluid mechanics due to the size of the mesh that would be required, it is necessary to use
mechanistic and phenomenological models or even empirical correlations to calculate the
head loss, the fraction of each fluid phase and the composition of each stream. It is important
to note that in multiphase flow, fluids usually present a topological pattern for the
conformation of the interface during flow, this pattern being determinant to the calculation of
pressure drop in the well.

There are many classifications for flow patterns. To illustrate flow patterns and to
display one possible classification, Figure 1.3 shows the four patterns for vertical flow
according to Whalley (1996).

Figure 1.3 Representation of two-phase flow patterns for vertical flow
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For more information about well flow patterns and correlations for two-phase flows,
please refer to Alves, E. (2017). Alves, Alves and Alves (2017) compares several well

correlations, showing the importance for the engineer to know the limitations of the use in
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each case. More information about well simulation, including the equations for pressure drop,
can be found in the section dedicated to the methodology of this work.

1.2 WELLBORE

Wellbore refers to tubing in the perforated interval undergoing radial inflow from the
reservoir. The dynamics of that region is not very different from well dynamics, but it
presents some specificities caused by radial inflow effects. Two differences are very
important: friction effects are influenced by the reservoir dynamics and inflow provides an
extra momentum that changes the main flow. To illustrate how the “wellbore” is defined in

this work, Figure 1.4 shows this region as perforated interval.

Figure 1.4 Well Completion with Production Liner
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Source: Ingersoll, Locke and Reavis; 2010

Although many authors address single-phase flow under radial inflow, as presented in
Chapter 4, for multi-phase flow there are not many models available. In fact only one two-
phase gas-liquid model that includes considerations for radial inflow was found in the course
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of this work. This region also affects reservoir dynamics at the interface of flow, but these
interfacial effects will not be considered for the sake of this work.

1.3 RESERVOIR

In the geological process, oil and natural gas are generated by organic matter that is
deposited together with sediments, experience a decomposition process, and undergoes a
consequent increase in temperature and pressure. The fluids formed migrate through the rocks
until they find a barrier (trap) that stops the flow; the rock that contains the fluid is called the
reservoir rock (THOMAS, 2001). The behavior of fluids in reservoirs in general, except
when they reach high velocities, is governed by the equation of hydraulic diffusivity in porous
media, which is obtained by combining Darcy's Law with the conservation of mass; according
to Rosa, Carvalho and Xavier (2006) it is essential to know these laws to estimate the value of

a reservoir.

1.4 COUPLING

The importance of coupling these systems is not only organizational; it must be taken
into account that, as pointed out by Beggs (1994), the design of a production system cannot be
put aside when analyzing the performance of the reservoir and tubing once the flow of the
reservoir is a consequence of the pressure drop in the tube and this pressure drop is a result of
the flow from the reservoir. If we consider a well that produces by expansion or compaction
processes (that is, only because of the original pressure in the porous medium) the reservoir is
not only responsible for storing the fluids that will be produced: its energy will cause the
fluids to flow to the surface.

As an oil industry practice, it is common to do the integration between reservoir and
tubings through nodal analysis, a technique based on the principle of continuity that breaks
the elements of the production system into two sections around a node and uses this node as a
boundary condition (with equal flow and pressure conditions) for both domains. Thus, it is
possible to use simpler approaches, such as reservoir performance curves (IPR) and pressure
drop curves in the pipeline (TPR) to evaluate the system in a coupled manner. The IPR curves
result from analytical solutions of the hydraulic diffusivity equation, while the TPR curves are
obtained using a correlation for head loss in the well. Figure 1.5 presents a graphical

representation of a nodal analysis.



29

Figure 1.5 Nodal analysis for using IPR and TPR

7,000
6,000 =
) =
@ -
,% 5,000 — i ==
2 4,000 — = PR
E = TPR
< 3,000 —— ~
I e
E —_ T
£ 2,000 =
[=]
m h,
\I\.
1,000 =
S
D !
0 1,000 2,000 3,000 4,000 5,000

Liguid Production Rate (bbl'd)

Source: Guo; Lyons; Ghalambir, 2007.

According to Alves, R. (2017), the coupling presents intrinsic deviations in the
modeling of each domain, and its origins are the primordial characteristics of each system
involved, since the volumes of mesh used in a reservoir simulator are usually much larger
than that used in the well and transient effects in reservoir and well results occurs in diffent
timescales. In general, the modeling of the well in a reservoir simulator is done through the
“well models”, in which it is represented by an analytically developed source term; however,
Dumkwu, Islam and Carlson (2012) highlight that the use of cylindrical coordinates permits
the well to be a reservoir boundary condition.

Most coupling methods for vertical wells assume that pressure in perforation interval
is the same along wellbore length or only consider gravitational effects as Alves, R. (2017)
does. In this study, the vertical model will assume that pressures in perforation interval
behave according to the wellbore model, and this implies that pressure needs to be checked in
every point of the wellbore grid in order to permit a multinodal analysis.

Schiozer (1994) presents classifications for coupling reservoir, well, and surface
facilities:

- Explicit — Solutions for reservoir and facilities are found at different time levels; the

production facilities at the beginning of a time step are set as the boundary condition for the
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reservoir during the entire time step. This method may lead to large errors if conditions
change rapidly.

- Implicit — This method requires an iterative procedure at each time step where
wellbore and reservoir are modelled as different domains; it iterates until the error drops
below a specified tolerance.

- Fully Implicit — In this method the well and reservoir equations are coupled in one
system.

According to this classification, the primary model for reservoir-tubing coupling

presented in this work can be classified as an implicit model.

1.5 OBJECTIVES

The main aim of this work is to develop a coupling well-reservoir model for vertical
pipes, assuming transient behavior for reservoirs and steady-state equations for wells, that
estimates frictional and accelerational pressure effects on the region of the well open to flow
from reservoir (this region is named “wellbore” in this work).

Several secondary objectives of the present work have been outlined:

* Evaluate 4 distinct ways for the reservoir-wellbore-well coupling.

* Evaluate the impact of correlations in the reservoir production.

* Through a secondary model for horizontal well, evaluate adaptations in classical
correlations for well flow to adjust them according to radial inflow/outflow.

The long-term aim of this research is to develop a model for the complete coupled
flow of hydrocarbons in the production well in order to prevent slug flow. This model should
be capable of simulating the flow all the way from the reservoir up to the wellhead, including
a sophisticated reservoir model and effects of chokes and other equipment in the well.



31

2 REVIEW OF COUPLING METHODS

Since the 70s of the twentieth century, a series of works has been addressing the well-
reservoir coupling, either directly or indirectly. In the 90s, there was a significant growth in
research on this topic with an increase in the utilization of horizontal wells. As in this type of
well the production zone is expanded and the gravitational effects are less influential, the
importance of knowing the behavior of fluids in the reservoir-well interface increases, given
that both frictional losses and the losses that occur because of fluid acceleration suffer the
influence of radial flow in the production zone.

Over the past few years, with the expansion of multilateral wells and advanced
completions, even more knowledge of what happens inside the well is required, thus, more
topics need to be studied by additional initiatives that seek to improve the coupling system.

As the phenomena that occur in the well tend to last at most a few hours to fully
develop and some effects in reservoirs can last for years, direct approaches to coupling
generally focus on maximum time scale problems for the well in which the reservoir shows
transient behavior, with emphasis on the formation of a liquid load in the well. Figure 2.1
shows the time scales for the development of events in the well and reservoir; it is possible to
note that even phenomena that occur in the reservoir region closest to the well, such as
coning, still occur in a time scale higher than those well events.

The studies that indirectly approach the coupling are those that explored related
subjects, for example, those that analyse the influence of radial flow on pipelines, those that
analyze the effects of multiphase flow in well tests and those that seek to characterize effects
that occur in the region of the well-reservoir interface. Even though they are not focused on
solving the system integration, these articles provide essential information for understanding
the physical phenomenon.

Silva and Jansen (2015) and Alves, R. (2017) presented literature reviews on well-
reservoir coupling, but none of them claimed to have developed complete reviews; both
focused on exemplifying the diversity of approaches used and problems related to the theme.
In this work, the approach will be similar, but opening the scope for studies with a focus on

mechanisms involved in the dynamic coupling between wells and reservoirs.



32

Figure 2.1 Time and space scales for well and reservoir events
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Dempsey et al. (1971) presented an innovative work about the need for integration. He
addressed the challenge of evaluating the design of gas well systems using an iterative
strategy to simulate reservoir, production string and surface system.

Settari and Aziz (1974) introduced a novel approach to deal with the interaction of the
well with the reservoir. To solve water conning adequately, they considered two effects: the
first one is a specific behavior of water saturation near the interface that is called outlet effect.
The authors showed that this effect, except for very small flows, is restricted to a small region
(less than an inch in length) of the reservoir and that capillary pressure tends to decrease with
the formation of the water cone.

The second effect considered by Settari and Aziz (1974) is the need for compatibility
between the pressure behavior in the well and the flows that come from the reservoir. To do
this, the authors considered the pressure changes in the well by gravitational and friction
factors and made it compatible with pressure changes in the reservoir using the friction factor
as a "transmissibility" between regions.

Miller (1980) analyzes storage effects, focusing on understanding how the bottom
pressure behaves during the reservoir start-up and how the transition between the production
periods occurs as a consequence of the expansion of well fluid and due to reservoir inflow.
The author proposes that pressure variation in the well-reservoir interface is relevant during

this period.
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Winterfeld (1989) creates a coupling method to simulate build-up tests in order to
obtain phase segregation in the well; this work uses a fully implicit approach. The results
obtained by Winterfeld (1989) shows that phase segregation causes significant impact in the
results of build-up tests. Almehaideb, Aziz and Pedrosa (1989) deal with the differences
found between the traditional simulation of reservoirs and the simulation that implicitly treats
the effects of multiphase flow in the well. In the case of multiphase injection, they show that
the coupling leads to a more detailed description of the effects that occur in the well.

Stone et al. (1989) presented a coupling method to simulate vapor and gas production
under gravity drainage; a staggered grid was utilized for well simulation and the model
includes the possibility flow in the annulus.

Dickenstein et al. (1997) implemented an implicit scheme for the simulation of a
refined reservoir mesh coupled with a horizontal well in a single-phase system; the work
showed that this scheme could solve problems regarding the time scale of well and reservoir
by introducing an adaptive time step scheme.

In Ouyang, Arbabi and Aziz (1998), a single-phase model representing the well was
presented, for injection or production, which includes in the friction factor the effects of the
radial inflow on the flow. They expanded this model to the case of horizontal multiphase flow
in Ouyang and Aziz (2002), showing also how to consider the effects of radial inflow in each
flow regime.

Ouyang and Aziz (1998) present a way to simplify the solution of the well equations
system solving a single-phase system with multilateral wells; the work broke the solution of
the set of equations, reducing the size of the system and creating an iterative process.

Holmes, Barkve and Lund (1998) investigate the benefits of utilizing drift flux models
when compared to homogeneous models to simulate multi-segment wells; on the one hand the
results demonstrate that drift flux was stable under crossflow, on the other hand the
homogeneous model was unstable under this circumstance.

Vicente, Sarica and Ertekin (2000) performed the single-phase transient coupling for
slightly compressible liquids and gases using a simulator created by them that was capable of
capturing storage and discharge effects in horizontal reservoirs. To approach the problem, a
scheme of central finite differences with seven points was solved implicitly in time; in spite of
this, when the reservoir started, the time step used was less than 10 milliseconds to avoid

instability, reaching well stability period of 10 days.
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In Vicente and Ertekin (2006), the coupling model presented by Vicente, Sarica and
Ertekin (2000) was simplified by bringing together the conservation equations of moment and
continuity in one equation, adapted to have a similar shape to the equation for the reservoir;
these adaptations aimed at facilitating the use of the model in the case of multi-fractured
wells.

The study of Sturm et al. (2004) seeks to create conditions to correctly represent the
production of an oil border in a reservoir in which gas is the predominant fluid (oil rim); the
integrated model that was developed allows precise simulations of interactions between
systems in minutes, so it is possible to develop a control system based on it. Sagen et al.
(2007) developed a dynamic coupling to simulate oil rims; the model approximates BHP as a
linear equation dependent on gas and oil flow rates. The main objective of that work was to
simulate with precision days of production.

Johansen and Khoriakov (2007) developed a basic well model for advanced
completions that is capable of handling unique situations, such as losses in the annular well,
multilateral wells, flows with two or three fluids, flows with or without slipping between the
phases. This work has an interesting peculiarity, since the authors built a basic well model that
can be coupled to the reservoir iteratively; the authors opened doors to many other
possibilities for improving the model, making it adaptable.

Chupin et al. (2007) used an integrated model to simulate the behavior of a gas
reservoir with water cone formation which generates liquid loads. The simulation results were
compared with field data and got better responses than the separate well and reservoir models.
Schietz (2009) used commercial softwares to develop a transient coupling that aimed to
develop a control method for opening the well for production; so, he created a model for
controlling the pressure in the wellhead to prevent large variations in production during the
reservoir start-up.

Byrne et al. (2011) used CFD to simulate the coupling of the reservoir region close to
the well and the well in specific situations of a production system, allowing for improved
decisions to be made during well completion.

Azadi, Aminossadati and Chen (2016) used CFD to couple a well and reservoir in the
gas drainage situation of a coal mine; the simulation performed in this case was monophasic
and showed the importance of the diameter of the well in the drainage process.

Hohendorff Filho and Schiozer (2014) proposed a methodology for adaptive control of

time step advance when performing simulations using a explicit coupling of reservoir and
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surface facilities. Complementary Hohendorff Filho and Schiozer (2017) propose a correction
in IPR curves to improve explicit coupling results.

Zhang et al. (2014) developed a model for the single-phase and isothermal flow with
mass influx through the wall. One of the advances about this work was to consider not only
the effects of mass influx, but also the effects that perforations generate on roughness. Zhang
et al. (2014) also presents a compilation of previous works that addressed the influence of the
radial inflow on the flow.

Yue et al. (2014) developed a correlation to predict the apparent friction factor using
as parameters the density of the perforations, the angle between them, the Reynolds number
of the axial flow and the radial inflow rate. Wang et al. (2017) developed a mechanistic model
for the pressure drop in a horizontal well with a flow of water and oil that considers the flow
pattern.

Hoffmann, Stanko and Gonzéalez (2019) developed a stationary coupling between the
reservoir and the production system as a whole, modeling the reservoir with material balance
(being completed with an IPR model for integration with the well), well models and
production lines based on tables generated by permanent flow simulators.

This work presents different studies that aim at improvements for couplings made
implicitly. The focus, as in the work of Johansen and Khoriakov (2007), is to develop a
simple coupling model in which it can change the models of each coupled region according to
the need of the problem to be solved.

Thus, this research is the first to discuss the order in which the coupled systems are
iterated and what effects this order causes in the simulation of implicit couplings. Also,
impacts of well correlations on production estimates were investigated, something that many
other presented models could do, but that the authors chose not to address. Finally, the impact
of losses due to inflow in horizontal and vertical wells was investigated and the significance
of these losses was discussed.

In this way, this work focused on studies of specific issues within the well-reservoir
coupling field. Figure 2.2 shows the volume of work developed and how chapters of this work

are connected to obtain results.
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Figure 2.2 Connections between chapters and results obtained
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3 WELL

The well simulator utilized here was developed by Alves, E. (2017); the original
simulator was only modified to guarantee coherence between reservoir and well properties.
Well simulation is based on correlations to estimate pressure drop and temperature behavior;
these correlations are based on experimental results for two-phase flow.

In the context of this work, the utilization of well simulation is aimed at obtaining a
value for the bottom-hole pressure consistent with the wellhead pressure, pressure drop in the
well and the reservoir flows rates. To obtain that match it was necessary to implement an
algorithm to find an adequate BHP. The sections below present this algorithm, how the
integration of the results obtained from correlation is used to obtain pressure and temperature

distributions.

3.1 WELLHEAD PRESSURE ITERATIVE ALGORITHM

With the wellhead pressure and reservoir liquids and gas flow rates, it is possible to
determine the bottom hole pressure using one of the available correlations. However, the well
pressure behavior is calculated from the bottom of the well to the top, following the positive
axial direction, which requires the program to develop BHP calculation in an iterative manner,
considering the surface pressure as a function of this variable and a chosen correlation as

shown in equation 3.1.

Psurf, = F(Correlation, BHP,Q,) (3.1)
Thus, the function necessary to find a root is represented by 8 Pg,,,-¢ in equation 3.2.
0Pgyrr(Correlation, BHP, Q,) = Pgy,r. — F(Correlation, BHP, Q,) (3.2)

Due to numerical errors and possible correlation failures, the iterative simulation of
the well results is a double check process: it is verified if the wellhead pressure has been

obtained and if the solution obtained is valid. The process for obtaining downhole pressure is
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based on the bisection method, but with adaptations to avoid unnecessarily low-pressure
points for which it is probable that pressure would drop below zero at points near the surface.

The adjustment made in the bisection is intended to define a specific interval to search
for roots and if this interval does not contain the root, the position of the interval is changed to
higher or lower values as needed. Very often, almost every time, the definition of a new range
of values is made based on a numerical decision, but eventually (especially in cases of end-of-
production reservoir) this interval redefinition is caused by a numerical error in the correlation
calculation.

Figure 3.1 represents the numerical method used to find the bottom hole pressure that
equals the estimated wellhead pressure. It is important to note that the maximum number of
iterations within a bisection interval is 20 (i.e. the interval is reduced by 22° times) and that
the tolerance considered is 1 psi, thus, as the pressure of a reservoir is usually lower than
10000 psi, it is safe to say that even if the wellhead pressure variation caused by a change in
BHP is 10 times greater than this change, which is unlikely, the solutions will have been

explored on a scale much smaller than the tolerance scale.

Figure 3.1 - BHP determination algorithm.

BHPg = 0.5(BHP, + BHPs) Calculate PSURFg
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Initial Guess for
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COUNT =0 BHP=BHPg  |«no

< |BHPs = BHPg

BHPs =
BHP,

ABHP=0.5ABHP BHPs = BHPs + J

ABHP

Source: Prepared by the author, 2020.
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It is important to define a value for ABHP to start the iterative process; generally this
value is set at 1000 psi in this work, but for reservoirs with greater initial pressure this value
can be set at 1/3 of reservoir average pressure.

3.2 WELL PRESSURE AND TEMPERATURE INTEGRATION

To obtain well pressure and temperature distributions requires the solution of ODE’s,
since correlations can only estimate the derivatives of these two variables. In order to perform
this integration, a Fourth Order Runge-Kutta Method is utilized.

The pressure and temperature derivatives are respectively calculated by equations
3.3 and 3.4.

d d d d
ap _ (_p) + (_p) " (_p) (3.3)
dx dx/ gcc dx fric dx grav

dh dp
ar _dx " Mdx (3.4)
dx Com .

The temperature is obtained using an equation of state based on Joule-Thompson

coefficient. Enthalpy derivative can be calculated by equation 3.5.

o),
dx dx/ peat dx grav dx/ cine .

These terms for pressure and enthalpy calculations were extensively discussed by
Alves, E. (2017). For pressure drop, frictional and gravitational terms are determined by

correlations, but acceleration term is defined by Alves, E. (2017) as:

dp 5
(@), = 39
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So, this term turns into a numerical adversity, because it depends on the pressure in the

point that pressure is being estimated; in other words, this term made the integration process

an iterative process.

3.3 WELL CORRELATIONS

Correlations have in common the origin in experimental results, but each correlation

presents a different development. Alves, E. (2017) classified correlations according to their

complexity. Concisely this classification is:

Category 1- Correlations that consider phases as homogeneous mixtures and do not
consider slip between phases;

Category 2- Correlations that consider two-phases and the slip between phases, but do
not determine the flow pattern;

Category 3- Correlations that determine the flow pattern, but utilize only simple
functions in each pattern;

Category 4- Sophisticated correlations that determine flow pattern and solve
momentum balance or utilize very different models for each pattern.

Flow patterns are essentially flow topologies, or the way the phases are distributed in

the flow. The correlations that will be utilized for the calculations are as follows:

(2017).

A combination of Friedel (1979) and Chexal et al. (1992) correlations, in which the
first correlation calculates friction term and the second the gravitational term by
determining liquid hold-up. Both correlations are classified in Category 2. This
combination of correlations eventually will be referenced as Chexal & Lellouche
correlation.

Hagedorn and Brown (1965) correlation is a classical Category 2 correlation and
eventually it will be referenced as Hagedorn & Brown correlation.

Beggs and Brill (1973) correlation, this is a classical Category 3correlation and
eventually it will be referenced as Beggs & Brill correlation.

Barbosa and Hewitt (2006) correlation, a Category 4 correlation, eventually will be
referenced as Barbosa & Hewitt.

These correlations are described and discussed in detail in the work of Alves, E.



41

4. WELLBORE

The wellbore calculation can be divided in three levels:

-The main algorithm that calculates the connection among wellbore and the other two
parts; this is a root-finding algorithm using a function of the type BHP(PW B,). This level is
adressed in section 4.1,

-The algorithm to advance from a point to another inside the wellbore; it applies the
Euler Method to obtain the pressure after estimating liquid holdup and pressure drop using a
wellbore model. Physical properties eventually are dependent on pressure and the liquid
holdup defines some mixture properties, so it demands iterative steps. This level is adressed in
section 4.2.

-The model for obtaining pressure drop and liquid holdup, that is always an
experimental model; in this work the four models will be presented and discussed. This level

is adressed in section 4.3.

4.1 WELLBORE ALGORITHM

Wellbore simulation in this work is essentially a root-finding process. The function

utilized to find a root is given by:

fBHP(BHP; PWBo,m) = BHP — BHPCALC(PWBO,W) (4-1)

Bottom-hole pressure is obtained using well modeling and the fluids inflow rates are
obtained by reservoir simulation; so, this function becomes dependent only on
PW B, (pressure on the deepest point of wellbore). The numerical method utilized here is the
secant method adapted from Métodos... (2007); this method is fully described in Figure 4.1,
which presents the wellbore algorithm.

It is important to realize that the initial point for calculation is the deepest point in the
wellbore for vertical cases or the “toe” for horizontal cases which implies that the main
flowrate is equal to zero, so the pressure is taken at this point but the main flow rate is

calculated at the middle of the first segment.
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Figure 4.1 Algorithm utilized to determine wellbore pressures to match BHP and reservoir
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Source: Prepared by the author, 2020

4.2 WELLBORE PRESSURE NUMERICAL INTEGRATION

Independently of the wellbore model utilized, they all permit to obtain the pressure
derivative at one point but not the pressure distribution along a segment; as such, in order to

obtain pressure at a point, it is necessary to integrate around an initial value.
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The method utilized to perform wellbore numerical integration is not exactly a rigid
version of Euler Method, as present in Equacdes... (2008). In fact, when estimating pressure
at a point i + 1, the pressure utilized to calculate the derivative will be the pressure at point i,
but the main flowrate will be obtained in the middle of the segment and the inflow will be

considered constant between i and i + 1 as presented in figure 4.2.

Figure 4.2 Representation of where values are taken from to calculate the pressure derivative

QaWB/‘SL

HITTTIT

Qm.

PWB; SL PWB;,4

Source: Prepared by the author, 2020

So, the pressure at point i + 1 can be expressed by equation 4.2.

dPWB P S d—
e (PW B, Qmyyo s Tias ) (4.2)

PWB,,, = PWB; +

4.3 WELLBORE MODELS

Wellbore models can be classified in the same way as well models; in fact, the only
difference between a wellbore model and a well model as defined here, is that wellbore
models are capable of considering wall mass transfer. Many authors developed single-phase
models to consider the effects of wall mass transfer, as Siwon (1987); Asheim, Kolnes and
Oudeman (1992); Su and Gudmundsson (1993); Yuan, Sarica and Brill (1996); Yalniz and
Ozkan (2001); Firoozabadi et al. (2011); Zhang et al. (2014) and Yue et al. (2014). Wang et

al. (2017) presented a model for two phase oil-water flow.
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As the focus of this work are multiphase liquid-gas flows, the studies of the sole group
of authors that presented models for this type of flow are of utmost importance. Ouyang,
Arbabi and Aziz (1998) originally presented a single-phase model, then Ouyang (1998)
presented a mechanistic model and a homogeneous liquid-gas model, Ouyang and Aziz
(2002) also presented an improved mechanistic model. The considerations of these models
will be summarized here in order to facilitate code development understanding.

A modification in Beggs and Brill (1973) correlation for multiphase flow also will be
shown. The objective of utilizing this modification is to understand if it possible to improve
classical pipe correlations in case of wall mass transfer flow and to present an alternative for
vertical wellbore simulations.

The presentation of models starts from Ouyang Single-Phase model, because

multiphase models are based on this model.

4.3.1 OUYANG SINGLE-PHASE MODEL

Ouyang, Arbabi and Aziz (1998) presented a model that incorporates pressure drops
caused by frictional , acceleration and gravitational effects, inflow and outflow. This work
found that the influence of either inflow or outflow depends on the regime (laminar or
turbulent) presented in the wellbore.

According to the authors, laminar inflow leads to a greater increase in axial velocities
near the pipe wall than in locations near the centerline; similarly, outflow decreases axial
velocities near the wall more significantly than those away from the wall. As a consequence
of this, wall friction decreases for outflow and increases for inflow.

If turbulent flow occurs, Ouyang, Arbabi and Aziz (1998) describe that as the inflow
lifts and expands the turbulent boundary layer, the axial velocity beyond the layer increases
and velocity within the layer decreases following the mass conservation law; that reduction in
velocity implies a reduction in wall shear stress. On the other hand, outflow decreases the
average velocity outside the layer, increases velocity inside the layer and also the wall shear

stress. Table 4.1 summarizes the effects of inflow and outflow over the wall shear stress.
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Table 4.1- Effects of inflow and outflow over the wall shear stress.
Inflow Outflow
Laminar Shear stress increases Shear stress decreases
Turbulent Shear stress decreases Shear stress increases

Source: Ouyang, Arbabi and Aziz, 1998.

Ouyang, Arbabi and Aziz (1998) also have clarified the differences between fluid flow
in horizontal wells and pipe flow with mass transfer to its porous wall; in order to do that,
they presented three main distinctions:

1. As in horizontal well the mass transfer occurs through perforations, the
effective perforation density is much smaller than it is in the porous pipe case. In the

case of open hole completions, in different ways, the problems are conceptually

identical;
2. Injection rates are quite small in the case of pipe flow;
3. Great effect of perforations on pipe effective roughness when there is

no mass transfer, there is only a slight effect on porous-pipe flow.

After a revision of previous works that studied pipe flow, the authors identified that

more study was needed regarding the following observations:

. Non existent general correlation for inflow and outflow;

. Acceleration and inflow directional pressure drops are neglected in
most models;

. Wall-friction shear stresses are usually evaluated without considering

wall mass transfer.

Ouyang, Arbabi and Aziz (1998) considered these points in order to develop their
single-phase model. This model considers single-phase flow, incompressible Newtonian fluid,
isothermal conditions and assumes that no mechanical work is done on or by the fluid. So, the

momentum-balance for control volume of Figure 4.3 is presented in equation 4.3.
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Figure 4.3 Representation of control volume for flow with inflow through perforations

Source: Adapted from Ouyang (1997).

1 1
(042 = (A1 = |5 pAsvE = - pAzv3] = T PAL
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nAL — _
+ B_pAlvva - pAALg sin @ (43)
1

Assuming A; = A, = A and that AL — 0 equation 4.3 can be rearranged to get

pressure gradient equation:

dp d (v¥\ t,P L A - (4.4)

L.~ Par\'B)” "4 "B a e rISR '
Decomposing v;:

v, = v;siny (4.5)

vV, = V;COSY (4.6)



Substituting equations 4.5 and 4.6 into Eq. 4.4:

Lo _T+2—&Zv,2sin2y—pgsin9

dp d (v¥\ t,P p 4
B

aL . PaL

Rearranging that equation:

dp 4t,,
E = —T [1 + Raf(l - Rda) + Rgf]
Where:
q:D
R , =
T f qu
R = 1 q; sin2y
@44, v
Dsin@
Rgr = e
2fv?
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(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

Ras, Rqq and Ry are dimensionless numbers and they represent respectively the ratio

of accelerational and frictional pressure gradients, the ratio of directional and accelerational

pressure gradients and the ratio of gravitational and frictional pressure gradients. Shear stress

is calculated by:

fov?
Ty = >

(4.12)

Where f is determined, according Ouyang, Arbabi and Aziz (1998) results, by:
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( 16
R—e(l + 0.04304Rel%*%),Re,, > 0

i16 (—Re )1.3056 ,Re <3000
— 11— 0.0625 i JRe, <0
Re [ (Re,, + 4.626)—0-2724l Cw

Ffanning(l - 0.0153R63,‘3978), Rew >0

Re,,
\ Franning (1 —17.5 W);Rew <0

Fyetibore = 9 (4'13)

,Re > 3000

The Fanning friction factor can be estimated by the approximation of Seghides (1984);
this approximation is described by Offor e Alabi (2016) as extremely accurate. Equations

4.14 to 4.17 are utilized for this explicit estimation:

0.25

Ffanning = 5 > (4.14)
A _ (Bfan — Afan)
fan Cfan - ZBfan + Afan

€ 12

Afan = —21og <_3.7D + E) (4.15)
€ 2.51 A¢

Bran = —2log <3.7D S “") (4.16)
€ 251B

Cran 2 log (3.70 L “”) (4.17)

Reynold numbers for the main flow and for inflow/outflow are obtained using

equations 4.18 and 4.19, respectively.

4pq
Re = 418
¢ =D (4.18)
4
Re,, = P! (4.19)

i
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4.3.2 OUYANG MECHANISTIC MODEL

Ouyang and Aziz (2002) propose a mechanistic model that considers 4 flow patterns:
stratified, annular (annular mist), bubble and intermittent. Modeling consists of both
calculating pressure losses and the void fraction in each model and determining which model
IS most probable at a given point.

4.3.2.1 Intermittent-Annular Transition

The mechanism assumed for this transition is spontaneous blockage. In this
mechanism, the liquid in the annular should be enough to form a bridge in the center of the

pipe. The condition for forming this liquid bridge is presented in equation 4.20:

E, > 0.24 (4.20)

Barnea (1986) presents two mechanisms to describe this transition. The first one is
based on a stability criterion for the film, but this mechanism only causes the transition to up-
flow pipes (at high slopes or vertically), so the relevant criterion for horizontal flow is
spontaneous blockage.

Spontaneous blockage can be described as the moment when the annular liquid film is
large enough to form a bridge in the center of the pipe, this being the consequence of the gas-
liquid interface oscillations. Two concepts are important to follow this description:

-E;5, .- which is the minimum amount of liquid that exists in a liquid slug; it is
Ispin

important to realize that this liquid hold-up refers only to the slug and not to the flow as a

whole.
-A,; - Which is the area occupied by the annular in the flow near the transition and is
given by:
A
A, (4.21)

Eis Min
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To get a value for A,; Barnea, Shoham and Taitel (1982b) refer to the work of Taitel
and Dukler (1976) with the proposed changes in Barnea, Shoham and Taitel (1982a). In Taitel
and Dukler (1976) the authors argue about the intermittent-annular transition from stratified
flow; since when the dominant regime in the pipe is stratified it can transition to intermittent
or annular, so when a wave forms over the liquid it will lead to intermittent regime if it blocks
the gas. Assuming that the shape of this wave is sinusoidal when it begins its formation, the
suction of the liquid will form a "valley" of gas behind the rise of the liquid, as shown in
Figure 4.4.

Figure 4.4 Wave formation that leads to intermittent flow.
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Source: Prepared by the author, 2020.

Thus, if the value of h;/D is greater than 0.5, the liquid will reach the top of the pipe
and block the gas forming an intermittent regime. Barnea, Shoham and Taitel (1982a),
changed this criterion to consider that the gas hold-up in liquid slug is close to 0.3 (or Ej5 =
0.7). Thus, when the liquid height reaches half of the pipe for a slug, the height calculated
using the stratified regime considerations should be h;/D = (h;/D)s,4Eis = 0.35.

On the other hand, Barnea, Shoham and Taitel (1982b) simply assume that the value
of A,;/A inthe transition, considering the annular flow pattern, is the same as the one in the

transition from intermittent to stratified regime and therefore:
Aol
—=10.5 4.22
v (4.22)
And substituting A4,,; according to equation 4.21:

=0.5 (4.23)




51

It now remains to determine the value of Ej, ., as previously explained; Barnea,
Shoham and Taitel (1982a) consider this value to be 0.7; however, this value is presented
without a clear justification. A more reasonable value can be found by looking at the
transition mechanism between intermittent and bubble flow. In Barnea and Brauner (1985) the
authors discuss this transition; they argue that for low void fraction values the transition
occurs when buoyant forces acting to facilitate Taylor bubble coalescence outweigh the
turbulent forces. But for values greater than a certain amount of gas, the union of bubbles is
inevitable.

This amount of gas in which the Taylor bubble formation is always consumed is
relevant because the liquid holdup in the slug is tied to the transition holdup. Looking at the
flow pattern map of Figure 4.5, the dashed lines are isolines of E;; and the line pointed by the
arrow represents the transition caused by the excess gas, which means that all isolines
departing from this line have the same E;; value. This value is the smallest E; value at which

the bubble-intermittent transition occurs, so the smallest possible £ value or Ejg, .

Figure 4.5 Slug liquid holdup isolines (dashed lines are just illustrative).
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Dispersed Bubble \

Superficial Liquid Velocity Ug (ft/sec)

£ Stratified
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Source: Adapted from Ouyang (1998)

The values found for E, . vary according to the approach of each work; Taitel,

Barnea and Dukler (1980) presented two values:
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-Eis,,., = 0.48 - This value is obtained by considering that the gas bubbles are
arranged in a primitive cubic system, which means one cube on each corner, thus the
maximum possible gas fraction is 0.52.

-Eys,,., = 0.70 - This value is taken from the work of Radovicich and Moisis (1962) in
which, considering the frequency of collisions between bubbles, the authors obtain a

maximum void fraction in the bubble flow of 0.30.

4.3.2.2 Intermittent-Dispersed Bubble Transition

Ouyang and Aziz (2002) considers three phenomena to determine the transition

between these flow patterns.

4.3.2.2.1 Creaming and Bubble Migration

The basis of this phenomenon is presented by Taitel and Dukler (1976); the authors
argue that for high liquid flows and low gas flows, on intermittent flow pattern, the
equilibrium level of the region between them increases and from the moment the turbulent
forces that cause the formation of bubbles overcome the buoyant force that tends to maintain
the gas at the top of the pipe, the flow will shift from intermittent to bubble. In order to

determine a criterion for transition it is necessary to consider buoyancy and turbulent forces:

Fg = gcos (p,—py)a, (4.24)
1 —
Fr = 5 pV'?P; (4.25)

The radial velocity fluctuation is estimated using the friction velocity:

1/2

@2)"* =, (’%) (4.26)

Hence for Fr > Fp:
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N =

4A, gcos @ p
U, > [ g (1 — —g)] 4.27
: Si N P (4.27)

If the inequality 4.27 is true, the flow pattern will be bubble.

Ouyang (1998) however preferred to consider the approach of Barnea (1986); the
latter observes a bubble and identifies when the buoyant forces will surpass the turbulent
forces. Despite a great similarity between this approach and the previous one, a major
difference is that in this case, the starting point is under the bubble regime and it is necessary
to find the point when bubbles will be mixed, while for the former approach, the authors
looked at the intermittent regime and the moment the Taylor bubble collapse occurs.

Numerically, the result of this approach is just like the result of Taitel and Dukler
(1976):

1 1 UZf,mD: mpf,ULD?
F.= 'ZA —_ mJjm b= m~“m~p 4.28
T 2,0117 b Zpl ) 4 16 ( )
— cos @D}
F, = (pl pg)g6 b (4.29)
As for the transition Fg > Fy:
UZ
D Y fmUm (4.30)

>_
b 8(p,—py)gcost

However, in the case of radial inflow, it is important to consider drag force as another

impediment to bubble rise and the formation of Taylor bubbles. The drag force is calculated

by:

. _31+2
b= 2+1

Tt Vim Crp Dy (4.31)

Where:
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A="L (4.33)

Hence to obtain Fg > Fr + Fp:

D —AD,—B; <0 (4.34)
Where:
3 U2
4, = PrfmUm (4.35)
8(pl — pg)g cos @
6u;VimC 34+ 2
B, = “iVimtip (4.36)
(o1 —pg)gcosd 2+1
And:
pUnD €
fm = Feotebrook <'u—rln’5) (4.37)

4.3.2.2.2 Bubble Agglomeration and Coalescence

For vertical flows, turbulent forces act against the interfacial tension in the Taylor
bubble. Here the phenomenon is described as in Barnea (1986); according to this author, for
values below a critical diameter (D.,;;), the bubble of a fluid behaves like a solid. However,
when a bubble reaches twice this diameter it tends to coalesce. Then, for transition to occur, it
IS necessary to determine the critical diameter value and the maximum diameter of a bubble in

the flow; the former can be determined by:

0.40 r/z

Doi= |———
it [(pz—pg)g

(4.38)
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To calculate the maximum diameter of a bubble it is possible to use the relation as in
the Hinze (1955) model:

o 0.6
Dy = K (—) K (4.39)
P
Where:
Kk =1.14 (4.40)
2f. U3
K = HmUm (4.41)

D

Thus, for the flow pattern to be considered bubble it is necessary that D,,,q, < 2Dcpi¢-

4.3.2.2.3 Maximum Packing

This criterion is simple: it consists of obtaining the percentage of the maximum
volume occupied by bubbles that allows them not to touch each other. To obtain this value,
just calculate the packing factor in a simple arrangement that is equal to 52%. So, for E; <
0.48, the volume fraction occupied by the gas crosses the limit and the flow pattern will not
be bubble flow.

4.3.2.3 Transition from Stratified Flow

The transition from the stratified regime can lead to both annular and intermittent
regimes. For the transition to take place, it is necessary to consider that a small wave forms at
the top of the liquid layer; in this sense there will be a change in the balance between the
pressure forces of the gas and the gravitational force that attracts the liquid to the bottom of

the pipe. Figure 4.6 shows the development of this event.
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Figure 4.6 Instability of a solitary wave.

=
h

Source: Taitel and Dukler (1976).

Thus, mathematically developing the conditions for the wave formation, the pressure

difference caused by the speed difference must be greater than the pressure difference caused

by gravity:

1

Epg(Uéz —UZ2) > (hy —hy)(p1 — py)g cosb (4.42)
On the other hand, by mass conservation:

U,Ay = UjA, (4.43)

g

Replacing 4.43 in 4.42:

2
(i) -
A

And by geometry:

Uz > 2(hy — hy) [g = ngpl — pg)l (4.44)

)

hg —hjy = by — b (4.45)

Replacing 4.45 in 4.44 and obtaining Uj:



2(hy — hy)g cos 8 (p; — py)

Az —A']
,01( A’Z )

2
Uz >

Expanding A; by Taylor Series:

dA
Ay =Ay+—2(h) —hy) + 0(ah2)
dh,,

A2 = A2 +24 44y (hy — hy) + 0(AR2)

gdh

2 /2

So, the equatlon
.9

g / dA '
A2 — A2 Ay dh (hg = hy) ~ 2Agd_hll(hl —hy)

~

[2 - [2 - ,2
Ay A'g A'g
Replacing 4.49 in 4.46:

L 9(pi— pg)Ay”
U2 > o
pgAg 7t
949 qh,

Rearranging:

1/2
Vi 2
S A_g gcosf (pl — pg)Ag
A dA;
Pa an,

Ug
g

And the final expression for this criterion:

9 can be obtained as follows:
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(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)
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1/2
gcost (p— pg)A,
Ug > (7 A, (4.52)
Pg dar,
Where:
AI
g
~ 29 4,
C; 4, (4.53)

Taitel and Dukler (1976) speculated that this adjustment constant C, is approximately
equal to 1 — h;/D; the justification for this approximation is based on 3 arguments:

1-When the value of A, is small, any undulations will cause the liquid to occupy the
entire tube and C, — 0, 1 — h;/D will also tend to zero in this case.

2-On the other hand, when the liquid occupies little space, a small wave will not
change as much A,’ inrelation to A, and, therefore, C, — 1, aswell as 1 — h;/D.

3-The work of Kordyban and Ranov (1970) who analyzed the transition from
intermittent to stratified flow among flat plates found good results using C, = 1 — h;/D.

Ouyang and Aziz (2002) added a term to represent the pressure exerted by the inflow
or outflow in the formation of the wave. When fluid is added to the flow, the pressure
increases and the wave formation is more unlikely to occur; when fluid is removed, the
difference in speed increases and the wave formation is facilitated. Thus, the inequality that

needs to be investigated is:
: : 1 (hg — hg)
p—p' > g(hy —h})p cosb + EngImlUIml % (4.54)
)

The term (hy — hg)/hy is a convenient interpolation because when the wave is on
the wall (hy" = 0), the influence of the inflow will be obedient to Bernoulli’s principle. When

the flow occurs in a situation where the wave has not yet been formed, the radial flow is
expected to be less influential. Interpolation is also convenient because it allows to cancel the

effect of the term h, — hy, avoiding iterative steps. Thus, the final condition for the transition

is given by:



1/2
hnN| A cosd U, |U
Ug>(1——l) g (P9 " 1 Ut |
DJ1dA\  pg 2hg
dh,
Where (from trigonometric relations):
dA;

d_hl =2 h(D —hy)

4.3.2.3 Pressure drop and hold-up calculations
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(4.55)

(4.56)

After determining the flow pattern, it is necessary to use a specific method for the

calculation of pressure drop and liquid hold-up for each flow pattern; the deduction of these

methods can be found in Ouyang (1998). Calculations will be presented here in an favorable

order for code development and programming. The stratified and annular models are the most

complex models, as they require the solution of the Lockhart-Martinelli equation; the

computation of bubble and intermittent patterns are simpler.

4.3.2.3.1 Stratified Flow Calculation

To consider stratified wellbore flow with inflow or outflow through the pipe walls, the

following considerations are made by Ouyang and Aziz (2002):

o Incompressible Newtonian fluids.

o No mass transfer between phases.

o Isothermal flow.

o Negligible heat transfer to and from the fluids to the environment.

o Negligible inflow-directional pressure-drop (90° inflow).

o Identical flow pattern over the short pipe.

o No mechanical work done on or by the fluid during its passage through

the wellbore.
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In large part, the procedure for obtaining the solution for the stratified flow pattern
and the solution for the annular flow pattern are similar, so the first part of the description of
the problem-solving procedure can also be used for the next subsection.

If the physical properties of the fluid in the tube section to be investigated are known,

then the procedure begins by calculating the Reynolds numbers based on the slip velocities:

UgD
Re, = 2Lt (4.57)
H
Ug,D
Rey, = 2950 (4.58)
Hg
It follows by calculating a volumetric fraction of liquid in radial inflow:
Cp, = _ (4.59)
qll + qlg
This fraction is used to calculate the properties of the mixture at inflow:
Prm = piCr, + pg(1=Cy) (4.60)
Mim = wCp, + :ug(l - Cll) (4.61)
And these properties are used to obtain the Reynolds number in the radial direction:
Pty (CIIl + CIIg) 162
W= (4.62)
With these dimensionless numbers, it is possible to obtain the friction factor for each
phase:

fst = Fweuvore(Res, Rey, D, €) (4.63)
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f:s‘g = Fwellbore (Resg: Re,, D, 6) (4.64)

And with f, it is possible to calculate the gas reference pressure gradient:

(d_p) _ _sgUsepy (4.65)
dL/sg D
And then get the constants of the Lockhart-Martinelli equation:

U2

xz = Jalspr (4.66)
ﬁsg Usgpg

— sin 6

v (i —=pg)g (4.67)

(@,

So far, the procedure is the same as one used in the annular flow pattern. The next step
is to obtain h;; (dimensionless liquid height) using the Lockhart-Martinelli equation (this
procedure is detailed in the first section of Appendix A). Having obtained h,,, it is possible to

obtain the liquid fraction through a trigonometric relationship:

3 0.5{2 acos[l — thd] — sin[2 acos(1 — thd)]}

- (4.68)

l

And several other geometric characteristics of the flow can be obtained, such as the
area occupied by the gas:

Ay = 0.25nD? — 0.125D*{2 acos[1 — 2h;,| — sin[2 acos(1 — 2h;,)]} (4.69)

The perimeter of the interface as well as the liquid-wall and gas-wall perimeters:

p; = D\/l — (2h, - 1) (4.70)
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1
Pp=D|m— 4.71
: 2 cos(Zhld - 1) ( )
P, =mD — P, (4.72)
The hydraulic diameter of the gas layer:
D, = i (4.73)
9 (B+P) '
The in-situ velocities of each phase:
Usg
Up=1—F (4.74)
Usl
U =— 4.75
=7 (4.75)
The interfacial velocity:
Uy =U, - U, (4.76)
The Reynolds number based on the in-situ gas velocity and the Froude number for the
liquid:
u,D
Re, = Po”s" (4.77)
Hg
U,
FTl = (4‘78)

Vah

The procedure goes on calculating the friction factor based on the in-situ gas velocity:

fwg = Fyeupore (Reg' Rey, D, €) (4.79)
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And the shear stress of the gas with the wall:

1
Twg = Efwgnggz (4.80)

The friction factor at the interface and the interfacial shear stress are then calculated:

D
£, = (0.004 + 0.5x10"Re, ) Fr-335 (%) (4.81)
g-g

1
T =5 fibgUil Uil (4.82)

With what has been obtained so far, it is possible to calculate the pressure variation

with length using the momentum balance in the gas phase:

d_p _ (TS + TwgSg + PgAgg sin€ + 2p,U,q;4)
dL A

(4.83)
g

Figure 4.7 presents the algorithm, in a simplified way, to obtain Z—’z and h; in the

stratified flow pattern.

Figure 4.7 — Calculations to solve stratified flow pattern.

Calculate Calculate Calculate Calculate Solve Calculate
Reg|, Resg, fs(Res, Rew), (Ap/dX)sq(fso) X2(fs,fsg), Lockhart»Martmelll Ei(h)
Rey fsg(Resg,Rew) Y ((dp/dx)sg) Equation for hig
Calculate Calculate Calculate Calculate
Determine U fug(Reg, Ui(Ug, U, CS'C(X'E;‘E Ag(hia), Ahia),
dp/dx TualfuUs) Reuw), fi(Fn, Reg(Ug, D), lj’(Ag)' Si(hig), Si(ha),
wollwerHg Reg, Ug) Fr(U;, E)) M Sg(hie), Dy(hia)

Source: Prepared by the author, 2020.
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4.3.2.3.2 Annular-Mist Flow Calculation

The initial calculation steps required by this flow pattern, used to obtain Y and X2, are
the same as the ones used for the stratified flow pattern. The next step is to obtain &§;4
(dimensionless liquid film thickness) using the Lockhart-Martinelli equation; this procedure is
detailed in the second section of Appendix A. With &, , it is possible to obtain gas core area

using a geometric relation:
A =A—-mnD?*5, (1-6y,) (4.84)

The volumetric fraction of the liquid entrained in the gas core is calculate as presented
by Petalas and Aziz (1997) apud Ouyang and Aziz (2002):

271712 0.074 0.2
HiUsgpg (Usg)
=0.735( —— — 4.85
1—Fe < 0'2,01 ) USl ( )

It is recommended to rearrange equation 4.85 so that Fe is isolated avoiding an

iterative process. It follows by obtaining the fraction of the area occupied by the gas core:
E,=— (4.86)
Then the liquid fraction in the core is calculated:

U
E, =Fe——t (4.87)
¢ Usg + Fe Ug

And with that, the fraction of liquid in the flow as a whole:
E =1-E/(1-E,) (4.88)

Now it is possible to obtain the interfacial perimeter and the hydraulic diameters of

core and film:
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4A
D, = Pic (4.90)

The film, core and interfacial velocities:

Uy (1—Fe)A
== 492
! 1-4, (4.92)
A
Uc = (Usg + Fe Ug) T (4.93)
C
The properties in gas core:
pe = Epi+ (1 - E)pg (4.95)
e = By + (1 - E ug (4.96)
And finally, the Reynolds number in gas core and liquid film:
U.D
Re, = Pecc (4.97)
Hc
UrD
ey = 2L (4.98)
H

As such, it is possible to obtain the friction factors for the core and for the interface

(note that it is necessary to use f, to obtain f;) and the shear stress at the interface:
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€
fe = Feotebrook (Recr B) (4.99)
0z05 (0 \"°%
1
T = 5 fipcUilUil (4.101)

With what has been calculated so far, it is possible to determine the pressure

derivative with the length of the pipe and, afterwards, to obtain the pressure drop:

2
dp (TS + pcAcgsinb + fc CQIg)

dL A,

(4.102)

Figure 4.8 presents a schematic representation of the algorithm, to obtain Z—’L’ and E; in

the annular flow pattern.

Figure 4.8 — Calculations to solve annular regime.

Calculat Calculat Calculat Solve Calculate
R:sf;:sj, fs|(|§eC:F?ei), dczculatfe x?(fzrfjg)? Lockhart-Martinelli Ac(g'd)’ S'(g'd)’
Rey, Fe fsg(Resg Rew) (Ap/dX)sq(fsq) Y((dp/dx)sg) Equation for 8¢ Dc(Ow), Di(O10),
E\C(Fe)
Calculate
- Calculate Calculate
fe(R
Deée%mne - é ec), U Rec(pe,Ue, Dertlo), Ui(Ae), Ue(Ad), Calculate Calculate
pldx i(fe, Rey, pe, U, Ei(Ec,Exc) Ec(Ac)
Re(Ur,Dy) Pe(Eic)s He(Erc)
Dc)y Tl(fi,prUi)

Source: Prepared by the author, 2020.

4.3.2.3.3 Intermittent Flow Calculation

The process of obtaining the solutions for intermittent regime is simpler than the
process for the regimes presented above. The model used here is basically a mixture model
with slip between phases. Then the calculation procedure starts with the variables of a drift-

flux model:
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co=¢y —0.2 (4.103)
P
/g(pz —py)o
U, =153 | —— sin#6 (4.104)
P

Where:

cy = 1.2 (4.105)
The mixing velocity is then obtained:

Un = Usg +Ug (4.106)
And the velocity of dispersed bubbles in the liquid piston:

Ugdb =coUpy + Up (4.107)

It is also necessary to calculate the translational velocity of the elongated bubble. It

begins by obtaining the Bond number:

— D?
po = L= Pa)aD" (4108

Horizontal and vertical velocities:

D —
Ugn,, = (0.54 — 1.76B0o~%°¢) M (4.109)

P



gD(p1 — pg)

Uay,, = 0.345[1 — exp(0.337 — 0.1Bo) | p
l
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(4.110)

An adjustment factor (f,,,) for the total drift velocity, which is calculated using the

Reynolds number obtained based on the weighted arithmetic mean (according to the angle 0)

of the horizontal and vertical drift velocities:

0-5P1(UdH°° cos 8 + Uy, sin H)D
e M

fn = min(1,0.316,/Re,,)

The drift velocity:
Uar = fm(Ugan,, cos 0 + Ugy, sin @)

The translational velocity of the elongated bubble:
Ur = coUp + Ugy

The liquid hold-up in the slug:

The total liquid hold-up:

n [Ugdb(1 - Els) - Usg]
Ut

E; = Ej

With Ej, it is possible to obtain the properties of the mixture:

(4.111)

(4.112)

(4.113)

(4.114)

(4.115)

(4.116)
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Hep = E + ug(1 — Ey) (4.117)
Pep = pLEL + pg (1 — Ep) (4.118)

Ulel + Usg(1 - El)

- (4.119)
P Ptp
qnE; + q;,(1 - Ep)
qltp = g (4‘120)
Ptp
U,,D
Re,, = L2 (4.121)

Utp

Then Re,, is calculated using equations 4.59 to 4.62; with the corresponding result it is

possible to calculate the friction factor:
ftp = Fwelibore (Retpr Ry, D, €) (4.122)
And finally, it is possible to get the expected pressure drop:

d_p — _ zftpptpUth _ 20tpUtpQuep
dx D A

— Pepg Sin 6 (4.123)

4.3.2.3.4 Bubble Flow Calculation

The calculation of the bubble flow pattern is also done using a homogeneous

approach, but it is possible to obtain the liquid fraction considering the slip between phases:

\/g(pz —pg)*xa

Pi

Us = 1.53 sin @ (4.124)
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U
E=—232 (4.125)
coUp + Us
Or without this slip:
U
E =2 (4.126)
Un

Regardless of the method used to calculate E;, the solution process for this flow
pattern is followed by the calculation of the properties of the mixture using equations 4.117 to
4.122. After that, the wall shear stress is calculated:

TW - 05 ftpptpUth (4127)

And then the pressure-drop along the length:

d_p — 4'Tw _ ZptpUtpCIItp
dL D A

— Pepg Sin b (4.128)

4.3.2 OUYANG HOMOGENOUS TWO-PHASE FLOW MODEL

According to Ouyang (1998), the mechanistic model presents potential weaknesses
such as discontinuities in predictions and dependence on empirical correlations. Because of
these weaknesses and as the focus of this work are mainly vertical wells, where the
mechanistic model does not fit well, it is necessary to present the Ouyang (1998)
homogeneous two-phase flow model. In this homogenous model the pressure gradient is
decomposed into four parts: acceleration for inflow and outflow; acceleration for

expansions/contractions; friction; and gravitational (eq. 4.129).

d d d d d
ap _ (_p) + (—p) + (—p) + (—p) (4.129)
dL dL acc,1/0 dL acc,exp dL fric dL grav

The acceleration term caused by fluid expansion can be calculated using 4.130.
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d d d d
(@) - _Baew [(_P) L) (@) ] (4.130)
dL acc,exp 1- ,Ba,exp dL accI/0 dL fric dL grav

The expansion coefficient 8, .., can be evaluated by equation 4.131 (OUYANG,1998
apud GOVIER; AZ1Z,1972).

_ PpUmUsg (4.131)

ﬁ a,exp P

The wall mass transfer acceleration term can be estimated by equation 4.132 or by

equation 4.133.

dp dUtp dUm ptp(UmCIItp + UtpCIIm)

“r - _ _ —_—m_ _ 4132
(dL)accl T E A T) A (4132)
dp AUy zptpUtpqltp

— = —2p:, U = — 4133
(dL)acc,z T A (4.133)

Where pyp,, Uy, U, qrep and q;,, are calculated as in the mechanistic model. Ouyang
(1998) matched experimental data and found the optimum value w,, = 0.8 to weight these

two forms of acceleration terms; equation 4.134 represents the weighted average.

() (@) +a-ao(®) (4138
dL acc,1/0 o dL acc,1 o dL acc,2 -

The frictional term is calculated by equation 4.135.

(4.135)

(d_P) _ zftpptpUtzp
dL fric D

The friction factor in this case is calculated using equation 4.122. The pressure drop

due to gravity can be obtained by equation 4.136.
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d
(_p) = —gpPtp Sin o (4.136)
dL grav

This model is much simpler than the mechanistic model and this simplicity provides

more possibilities of use due to robustness.
4.3.3 BEGGS & BRILL MODIFIED FOR RADIAL INFLOW OR OUTFLOW

The mechanistic multiphase correlation presented by Ouyang (1998) was developed
for horizontal or slightly inclined flows, while the single-phase model presented in Ouyang,
Arbabi and Aziz (1998) can be described as a modification in the acceleration term and in the
expression for calculating the friction factor to account for wall mass transfer effects, which
can be replicated for any other existing model. Based on that, it is possible to try modifying a
largely used model for vertical pressure drop calculations in order to consider wall effects on
the main flow.

The initial calculation of the Beggs and Brill (1973) model aims to obtain the liquid
hold-up and a flow pattern; these first steps are not altered by the modification proposed here.
The first modification is for the frictional term; the original term as presented in Beggs and
Brill (1973) is shown in equation 4.137.

(dp) — _fthmUm (4 137)
fric .

dL 2D

Where U, is calculated using equation 4.106, G, using equation 4.138 and f,, using

equations 4.139 to 4.142.
Gn = (pUs + ngsg)A (4.138)

fip = 4558 Fspnnimg(Rery, D, €) (4.139)

Iny <lory>12
Spes =1{—0.0523 + 3.182Iny — 0.8725 Iny2 + 0.01853Iny*’ ~ = 2V =" (4.140)
In(2.2y — 1.2), 1<y<12
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C
y = —B&8 (4.141)

aq
Cipep = q+ 4,

(4.142)

The modified frictional term presents two changes - U, is substituted by Uy, and f3,
is calculated considering inflow/outflow effects. The modified term is presented in equation
4.143.

dL 2D 2D (4.143)

(d_P> _ _fthtpUtp _ _ftpptpUth
fric

Where Uy, is calculated by equation 4.119, p,, by equation 4.118 and f;, is
calculated by equation 4.144.

ftp = 4e’res Fyeubore (Retp' Ry, D, €) (4.144)

The original acceleration term is calculated as in equation 4.145. Beggs and Brill
(1973) chose to assume that liquid acceleration is small compared with gas acceleration; the
authors also made some considerations assuming p, calculated by engineering gas law, in
order to avoid that these considerations influence the comparison between original and
modified models; the original acceleration term (eq. 4.145) will be substituted using equation
4.146.

(d_p) _ _PeUmGg dpg (4.145)
dL/ gec pé dL .

dp du,,
(d_L)acc = —ptpUnm L (4.146)
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The term ddLLm will be numerically determined considering the pressure drop in a

segment. The modified acceleration term, assuming inflow/outflow and taking into account
that p.,, does not change significantly in the segment, can be calculated by equation 4.132 or
by equation 4.133; however, as recommended in Ouyang (1998) homogenous model, it will
be calculated using a weighted mean. The gravitational term is calculated by equation 4.136
in both versions of the model. The total pressure drop is calculated by the sum of each term as

presented in equation 4.148.

=) @), (@)
o _ (%P (%P) (%P 4.148
dL dL acc dL fric dL grav ( )
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5 RESERVOIR MODELING

Two techniques of reservoir simulation will be presented here. The first one is more
complex and requires more computational time; it will be utilized to simulate the main results
of this work (Section 5.1). The second technique is very simple and will be utilized in a

supplementary way, to analyze the wellbore models(Section 5.2).

5.1 RESERVOIR SIMULATION USING THE FINITE VOLUMES METHOD

In this case, reservoir simulation implies a 3-step procedure:

- Define a grid and relations between points of this grid.

- Apply FVM to the reservoir equations in order to create a system of algebraic
equations to solve.

- Solve the system of equations.

5.1.1 RESERVOIR GRID

The definition of a grid is a consequence of the problem addressed; in this work, only
cylindrical reservoir will be studied. For this type of reservoir, the wellbore is in the center of
the reservoir, so the three dimensions of the grid are: the radial distance from to the center of
wellbore (r); the distance from the bottom of reservoir (z) and the angular position (9).

The point distribution in r direction will be defined in order to guarantee flow
conservation and will be addressed later in this chapter. In vertical direction it will be defined
according to the case study and the points will be equally spaced in the angular position.

Figures 5.1 and 5.2 represents the distribution of points around a central point P.

Figure 5.3 represents the cylindrical grid idea adopted here.



Figure 5.1 Point distribution around a central point P —r and z

z

Source: Prepared by the author, 2020

Figure 5.2 Point distribution around a central point P — 6

Source: Prepared by the author, 2020

Figure 5.3 Representation of a cylindrical grid

\
N

Source: Abou-Kassem and King, 2001
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5.1.2 FINITE VOLUME METHOD

The Finite Volume Method is a way to transform differential equations on algebraic
expressions of the main function (MALISKA, 2014). The method is used here as it is
presented by Maliska (2014) to obtain a solution for a reservoir model that solves pressure
and saturations simultaneously. The reservoir considers three phases (oil, gas and water) so it
IS necessary to solve mass conservation using Darcy’s Law for these three phases. The flow is
considered to be Black QOil Type; the water phase does not exchange mass with the other
phases, and the liquid and gaseous phase exchange mass with each othe (CHEN; HUAN; MA,
2006).

In order to simulate a petroleum reservoir, it is necessary to use the equation for
hydraulic diffusivity in porous media presented in equation 5.1, which represents the flow of a

phase «a, that is also dissolved in phase £, in the porous medium for cylindrical coordinates:

kaKr (')pa N RSﬁkﬁKr apﬁ
UgBy OT ugBg  Or

10 kaKg apa n RSﬁkﬁKg 6pﬁ
a0 ,uaBa a0 ,uﬁBﬁ a0

0 kaKZ apa ) RsﬁkﬁKZ apﬁ
+62[ (E)z Pag )+ tgBg 9z PRI G

It is possible to apply the Finite Volume Method to discretize this equation; the FVM
requires this equation to be integrated in time and in each coordinate of the space. Multiplying

equation 5.1 by an infinitesimal volume and integrating each term:

n re pb pt+At 0 Sa RSﬂSﬁ
f f f f r¢g—|—+——|0torodo oz
s Jwle e dt \ B, Bg

~ Se  RspSp\[7H Se  RspSp\|*
e I U ) 6
14




78

t+dt cnoce b g [ [k K. @ RsgkgK, 0
f f f f —r< a’r OPa | TOBATr pﬂ)]@r@t@G@z
¢ s Jwtp Or| \uaBq or ugBg  or
ka RS[gk[g
( ™ Ba> (Pap = Parp) + <#[g B ), (Pg.s —p.p)

p,b
( )
.UaBa

= Ar,p {Ab,p (Kr)p,b

+ Af.p (Kr)p,f

t+At
Rspk
(P F—D P)+ ( b ﬁ) (PB,F—PB,P)]} (5.3)
oo HgBg /., .

t+At k. Ky 0 RspkgKgy 0
f fff 6 9Pa  T%%p70 TPV 59 or 0z ot
w 00 UgBy 06 ugBg 00

= AgpiAep(Ko) (—“) Pap =P +< > PgE— P
G,p{ e,p\N@Jp,e HaBa p'e( aE a,P) .U[S’Bp’ p'e( BE ﬁ,P)
k R k t+At
Sprp
+ Ay, (K, ( z ) - 5.4
W,p( B)p,w .ua'Ba' - (pa',W pa,P) + (.UBBﬁ > (pBW pﬁ P)]} ( )

t+At apa RsgkgK, (0pg
f j J f "oz U By 02 ,Dag) 5B (62 —p;;g)l 0z dr 00 Ot

ke ) (R Sp kﬁ)
—_ — + —
(,uaB (pa,N pa,P) s BB o (p[)’,N p,B.P)

a p.n
(kapa) (Rsﬁkﬁpﬁ>
— + ([ —— =
:uaBa pn .UBBB pn

Ko ) <RSB kﬁ)
—~ +
<.uaBa s (pa,S pa,P) Hg Bﬁ

= Az,p {An,p (Kz)p,n

- An,p 9g AZp,n (Kz)p,n

+ As,p (Kz)p,s

o070

b,s
" Rsok t+At

S
( apa) N < B Bpﬁ> (5.5)
.uaBa DS .uﬁBﬁ DS

Since the reservoir presents a three phase flow and only gas dissolved in oil is

+ As,p ) AZp,s (Kz)p,s

considered:
a=w,o,g (5.6)

_ (Rs,, ifa=g
Rsp = {0, if a =w,o 7
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From the integration process:

Arp = 0.5(R2, — R -)AO,AZ, (5.8)

Ay, = AO,AZ, AL (5.9)
Ryp

Agp =In|="=|AZ,At (5.10)
' Rps

Azp = 0.5(R>, — Ry )AO,AL (5.11)

Other factors are created from the substitution of pressure derivatives and the radius at

boundaries; these factors are presented in Table 5.1.

Table 5.1- Factors obtained from the substitution of pressures derivatives by Taylor First

Order Approximation.

T=b T=f T=e¢e T=w T=n T=Ss
Arp Ryp Ry s 1 1 1 1
AR, ARy, ¢ A0, . A0, , AZ, AZy, ¢

Source: Prepared by the author, 2020

The properties at each boundary are calculated using weights determined by geometry
and knowledge about the system stability. Table 5.2 presents the 4 groups of variables
calculated at the boundaries of a volume, and Table 5.3 presents the weights in each direction.
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Table 5.2 - Groups of properties and approximation at boundaries.

T=b,f,ns,ew T=pb,f,nsew

[Aelpe = A =X@N[ (A1)e]p +X(@ [ (Al

(E) =[G (e = (522)

UaBa/ . .
kll a = - 2)a 2)alt ka a
(5 =1l Hadelpe = Q=X ey O Tl gy, = (22)

*"pr T

(Rsﬁkﬁ) ~ (G [O] ;= A=X@) [y ], +X@ [ ],

RSBkB
()] =( )
keBg /), . P\ ugBg )

(Rsﬁkgpp) Gy [@ag],, = @ =X@) [Ag], +X(@ [ Qg ],
bt

Rsgk

BRBPB
2 = (=22

HeBg /. LG, ( ),

1pBg

Source: Prepared by the author, 2020.

Table 5.3- Weight of X at each boundary.

T=b T=f T=e¢e T=Ww T=n T=S
X(71) R — Ry, Ryr—Rp 0.5 0.5 0.0 1.0
ARy, ARy,

Source: Prepared by the author, 2020.

Although it looks strange to define X(7) independently of geometry for 2 directions,
simple explanations can make this assumption understandable. For direction 8, this work only
utilizes uniform grid distribution; as a consequence, the values utilized for permeability are
always equal at points of the same depth. For direction z, the use of geometrically based
values was tried but it generated a numerical oscillation in bubble pressure response; thus, the
solution tried was to utilize an approach similar to upwind since in most situations the flux
was from position T = s to position T = n. Such proposition solved the oscillation problem.

The formation permeability is calculated by the harmonic mean between point p and

its neighbors:

2
(Ka))p,r = 1 1

CHIRECMHE

(5.12)

,Where T = b,f,n,s,e,w
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Substituting the terms after the integration in equation 5.1, reorganizing the equation in order
to obtain (Res, ), = 0 and considering constants to adjust the units, equation 5.13 is obtained

as follows:

(Resa)p = Z Aw,pA‘r,p (Ka))p,‘r {Cl [ [ (Al)a]p,‘r(pa,‘r - pa,P)

T=b,f,w,en,s

+ [ (Ag)ﬁ]pﬂ_ (pg,f - pﬁ,P)] + C9(1)g Az, [[ Aalps + [ (Aa)p ]W]}HM

S.  RspSp\" S.  RspSg\|*
R 1| R
14

Where two new variables are created in order to simplify the presentation. These two

variables are functions of t:

0, ift=bf,we

I9() =11, if t=s (5.14)
-1, if T=n
T, ift=b,f

w(t) =16, if t=w,e (5.15)
Z, if T=n,s

This residue is a function of 21 variables: oil pressure (p,), water saturation (S,,) and
bubble pressure (p,) or oil saturation (S,) at point p, an at its neighbors, each one of these
variables on time t + At. Equation 5.13 is nonlinear and compose a system of nonlinear
equations generated for each phase a at each grid point. This system is linearized using
Newton-Raphson Method. In order to do it, it is necessary to obtain the derivatives with

respect to each one of the 21 variables; equations 5.16 to 5.21 represent theses derivatives.
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0 a
[ (I;es )p] - z Aw,pAr,p(Kw)p,T {_Cl [[ (Al)a]p,f + [ (/13)511? T]
Po 1 7=b,f,Ww,en,s |
+ (1 - X(T)) [Cld{[(/h)a]p}po (pa_f - pa_p) + C;d {[(/13)[?]19}1) (pﬁ’,r - pﬁ.P)
t+AE
+ C9(1)g ALy, <[d{[(lz)a]p}po +d {[(/14)/3]17}19 ])]}
5 1 8 [Rs; t+AE

Gy, {S“a_m[B_a] +S500 | 5, ]} (5.16)
d(Resy)
l P, pL = Aa),pA‘r,p(Kw)p,T {Cl [[ (ll)a]p,f + [ (/13)E]P,T]

+X(0) [Cld{[(/h)a]r}po (Pa,t — pa’P) + Cid {[(/13)B]T}p (pB,r - pB,P)

t+At
oo o)

d(Res,) o .
[ 6:‘:} p] = z Aw,pA‘r,p(Kw)p,r {_Cl [[ (Al)a]p,r (az—w)p + [ (/’{S)ﬁ]p,‘[ <aswﬁ>p]

14 T=b,f,w,e,n,s

+ (1 - X(T)) [Cld{[(ﬂl)a]p}po (pa,‘r - pa,P) + Cld {[(/13)/?]1,}11 (pﬁ,‘r - pB,P)

t+AL
+ C9(1)g AZy, ;. ([d{[(AZ)“]p}po +d {[(/14)[?]1’}10 D]}

¢ S, ¢Rsg 3Sg }”A‘
p

— C3Ayp {B_aasw + B, 35, (5.18)

d(Resy) IPca 0
l 75 pl = Ay pArpKe)pr {Cl [[ A alpe (ap%w)r + [ (ls)ﬁ]p,r <65WB>J

T

+ X |l alds, (e = Par) + G {[0)] ) (5 = Ppe)

+ €00 82, |G eds, + {[(Mﬁ]r}sw])]}w (5.19)
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a(Resa)p _ 0Pca apcﬁ
[ 7 L = Z AwpArpKolp {_Cl [[ A)alps ( oT )p +] (13)3]’” ( oT >p

=b,f,w,en,s

+ (1= XO) [l el (e = Pap) + Cud {[(Aae],} (px—vsr)

+ C9(1)g AZy, ([d{[(;tz)a]p}T +d {[( mﬁ]p}n])]}wm

- 105y a<1)+Rsﬁasﬁ+S d (Rsg\)*™ 20
A 1?5, o1 o ar B, By oT ~ FoT\ By )|J, (5-20)

d0(Resy) e o,
5] e o () 1000, (5)

+ X(T) [Cld{[(/ll)a]‘r}T(pa,T - pa,P) + Cld {[(’13)[?]T}T (p[)’,‘l: - p[)’,P)

t+At
+ C9(0)g AZp (|l A ale}r + d {[(@)BL}T])]} (5.21)

These equations introduce two new variables: T and X,,;, that are dependent on the gas

presence at points p or t.

_ Pp, lf Sg =0
r= {SO, if Sy >0 (5:22)
1, ifS;=0
Xop = {0, if S3>0 (5:23)

The operator d{F}, represents the derivative of F with respect to ¢. Table 5.4

presents the derivatives in equation 5.16 until equation 5.21.



Table 5.4 Derivatives obtained using operator d{F},, ¢ = p,,Sw, T
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T=pbf,nsew

d[@a)ldp = %(ﬁ)

T

A[(A)aledy = % (kapa)T

Ua By

0 (Rsgkg
d {[(lg)ﬁ]f}(p ~ 99 < KpBp )

d{[ag] } = i(Rsﬁ—kﬁpﬁ)

o 09\ ugBg

Source: Prepared by the author, 2020

Considering the relationship between properties and variables it is possible to calculate

the derivatives of factor A. Tables 5.5 and 5.6, respectively, present the derivatives of A, and

A, for each phase with respect to each variable.

Table 5.5 - Derivatives of A; with respect to the ¢

d{[(ll)a]r}q] a=w a=o0 a=g
®=p, ~ 10w, 108, ~ 10u, 108, 1du, 108,
1)z [uw ap, | B, 6PG]T WMo | 5, T 5, Bpa], ~gr [u_gf)_m By 9p, .
=S, [ 1 % [1 Bkg] 1 0k,
ttwB,, 05,1 1B, 05,1 [ugzag@ .
o=T 0 ~ 10u, 108, 1 ok,
b (Ao [Ilo o, B, 010:3], (1= Xpp) [EE )
1y 1 ok,
+ (1= Xp) 1B, 35,
Source: Prepared by the author, 2020
Table 5.6 - Derivatives of 4, with respect to the ¢
d{[(lz)a]r}q) a=w a=o0 a=g
=p, dpy 0p, ap,
¢ P (Al)w,‘r [E]T + (pw)rd[(/11)w,‘r]po (Al)o,‘r [ﬁ]r + (po)rd[(ll)o,‘r]po (Al)g,r [a_pi]r + (pg).[d[(ﬂ'l)g,r]po
=35, (Pu)ed| Azl (Po)ed[ (Aol (pg)Td[(ll)g,T]sw
=T 0 ap,
¢ Xy (Ao [B_Zb]r + (o) d[(A)os] (pg),d[(A)gs],

Source: Prepared by the author, 2020



85

As presented in equation 5.7, the terms A5 and A, only exist in this work when the free
phase () is gas since gas is also dissolved in oil. Table 5.7 presents the derivatives of 1; and
A4 with respect to each variable; g is assumed equal to o.

Table 5.7 - Derivatives of A; and 4, with respect to the ¢, f = o.

d{[(l3)o]r}(p d{[(lzl)o]r}(p
= aRs, aRs,
¢ Po (/11)0,1' [ﬁ] + (Rso)rd[(ll)o,r]po (/12)0,1' [ﬁ] + (Rso)rd[()lz)o,r]pa
(P = SW (Rso)rd[(ll)o,r]sw (Rso)td[(lz)o,‘r]sw
— Rs, Rs,
¢ T Xpb (ll)o,‘r [ﬁ] + (Rso)rd[(ll)o,‘r]rr Xpb (/12)0,‘[ [ﬁ] + (RSO)Td[(AZ)O,T]T

Source: Prepared by the author, 2020.
There are some terms and derivatives that were not addressed until now which can be

confusing because of state transition. Table 5.8 presents derivatives whose values are

associated with gas presence.

Table 5.8 - Derivatives associated with reservoir state.

a=w a=o a=9g
[ 1 —Xpp (1= Xpp)
as,,
aﬁ 0 1 _Xpb '(1 _Xpb)
aT

2 (B 0 Xon 2 (B52) 0

aT \ B, *> 9p, \ B,

ENEN 0 Xy () ENE
JdT \B, pb dpp \B, PP Py B,
Pca Pew 0 ¥ 0Py
as,, as,, *bas,
6p 0 0 _ 0pcg
a;a (1= Xpo) 55,

Source: Prepared by the author, 2020.
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5.1.2.1 Boundary Conditions

To finish the presentation of the solution developed here, it will be shown the
boundary conditions of reservoir, at the reservoir external frontier, and the reservoir-well
boundary. In this work, all boundary conditions, except regarding the reservoir-well, will
present a non-flow condition, that is, the reservoir will be produced by the expansion of
produce fluids. The boundary condition at non-flow boundaries is simple, as the fluxes are
null, so it is only necessary to set to zero the value of the flux from the frontier, in the case of

a point that is neighbor to frontier N:

(Resa)p = Z Aw,pA‘r,p (Kw)p,‘r {Cl [ [ (Al)a]p,‘r(pa,‘r - pa,P)

T=b,f,w,e,s

+[Ga)g], (P~ ppr)] + €99 02, [l Al + [ [}
S,  RspSp\"™ Se  RspSp\I*

oo G e
14

This equation is very similar to equation 5.13, but the number of points in summation
is reduced, the derivatives are also defined as before except for the non-flow boundary
conditions. At the wellbore-reservoir boundary, the flow exists and should be included in the

residue according to equation 5.25:
(Resa)p = (Resa)p + Ar,pAf,p(Kr)pcl [ [ (Al)a]p(PWB - pa,p) + [ (13)3]11 (PWB - pﬁ,p)] (525)
Where:

R
Af 4 = R p{e
p— f'pf

(5.26)

The change in Af,, occurs because the pressure drop in the radial direction of the well

is not considered, since the permeability in free flow tends to infinite. As such, the value for
PWB is assumed in the well radius which is equal to R, ;. Equations 5.27 to 5.29 present the

derivatives of residue in the well-reservoir boundary.
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la(Resa)p _la(Resa)pl
oo |, | 9o |,

+ Ar,pAf,p(Kr)pcl {_ [[ (Al)a]p + [ (AS)ﬁ]p]

+ [d{[(al)a]p}po (PWB —p,,) +d {[(Ag)ﬁ]p}p (PWB — pﬁ,p)l} (5.27)

[a(Resa) l [a(Resa)pl

+Ar,pAf.p(Kr)pcl {— [[ (/11) ] (a?ca> [ 3)[3] < pcﬁ) ]
p

ld{ (Aalp}, (Pax — pap)+d{[(/13)g]} (P — pﬁp)l} (5.28)

d(Resgy)p B d(Resy)p
|

0Dz c
+ Ar,pAf,p(Kr)pcl {_ [[ (Al)a]p,r ( ap > [ ( 3)31 < i ‘8>
p

[d{ Walp}, (e = Pap) + A {[Ga)g], } (s - pgp)]} (5.29)

5.1.2.2 Point distribution in direction r

While point distribution in direction z will be made in accordance with saturation and
permeability distributions imposed by the user, the point distribution in direction r will be
automated in order to conserve the flow. The flux of phase « in radial direction is given by

equation 5.30.

kg ) (pj+1 - pj)

A®;AZ; (5.30)

. ]=]

HabBal i1 (R’“)
R;

pp = 4j+1/2 = (Kr)j+1/z(
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In order to facilitate the comparison of this work with the literature on the subject like
Chen, Huan and Ma (2006), Ertekin, Abou-Kassem and King (2001), Abou-Kassem, Ali and
Islam (2006), the P point notation will be replaced by a notation based on position j in radial
direction and the boundary identification will be changed as in equation 5.30. The flow of

phase a obtained by FVM is given by:

(Pj1—P))
Aop = Qj+172 = K jra2 (—a> Rjv1/o—m——p A8;AZ; (5.31)
UaBa j+1/2 Rj+1 Rf

Therefore, by comparison, the boundary point must be given by:

Rj+1 _R] _ RB _RP

Rpp = Rj+1/2 = Rj+1 = R (5.32)
ln( R, ) In (R_P)
And by similarity:
RP - RF
Ry = R, (5.33)
In (E)

The scheme chosen to create the division of radial mesh has started by defining the
central point of each block, thereby creating a point-distribute mesh according to Settari and
Aziz (1974). On other hand, the advantage of using a radial grid is to coincide the boundary f
of a block with the wellbore radius and the boundary b of a block with the external radius of

reservoir. So, considering m points in radial direction:

1
(rreservoir)m

Twellbore

L (5.34)

Where a is the expansion factor utilized in equation 5.35:



Or, for this work:

RB=aRP=a2RF

5.1.2.3 Units and Constants

89

(5.36)

The reservoir simulator does not use a metric system, so it is necessary to consider the

correct units to utilize it in coupling. Table 5.9 presents the units concerning properties and

constants; the residue was obtained in ft3. Units as bbl/stbh were omitted since they are not

relevant for conversion.

Table 5.9 — Units utilized in reservoir simulator.

Properties and constants Unit
Kk mD
U cP
B, 1
RSB 1
p psi
Apphzp fts
Ay ft3
o) 1
S 1
Ilbm/ft3
g ft/s?
AZ ft
(Res)q ft?

Source: Prepared by the author, 2020.

Using these units, the constants C,, C,, C5 are:

ft?

(ft s mD psi
cP

C, = 7.324407x1078

(5.37)
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ft®

— -11

C, = 1.580900x10 (ftst T JC t) (5.38)
CP ft3 SZ f

C;=1 (5.39)

5.1.2.4 Newton-Raphson Method and Matrix Solver

In the previous sections it is clear that residue is defined based on the Newton-
Raphson Method, but maybe it is unclear how it will be utilized in the method. Residue is a
function of pressure and saturation; this function is equal to zero when these variables are
fully determined for a time step. So, equation 5.40 represents residue assuming that ideal

values of p,, S,, and T will be found at the iteration i + 1 of a time step.
Resq(PoyrrSwipqs Tiv1) =0 (5.40)

Then, expanding equation 5.40, it is possible to obtain a relation derivatives of this

function and the variation of p,, S,, and T values between i and i + 1:

Resa(p0i+1; SWi+1' Ti+1)
JdRes,
9o,

= Resa’(poi'swi' Tl) + (poi'SWi' Tl) (p0i+1 - poi)

JRes
TS = (Poyr Swis Te) (Swisy = Swi)
wi

dRes,
oT;

+ (PoySw; Ti) (Tigr —T) (5.41)

Using the values of residue and derivatives as deduced before:

d(Res, d(Res, d(Res,
d(Res, d(Res, d(Res,
_ Z {[%L Apo., + [(a;—i)P T AS,,. + [%L ATT} (5.42)

T=b,f,w,en,s
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The results of residues and derivatives for each grid-point can now be arranged in an
equation system and it is possible to obtain the variation of pressures and saturations.
Considering that each grid-point results in three residues to solve , a grid of dimensions N, M
and O will result ina 3(MNO) x 3(MNO) system to be solved. For each example, a grid with
dimensions N =1, M =1 and O = 3 will result in a 9x9 system; the matrix of derivatives
for this system is represented by Figure 5.4 (each line representing three different matrix

lines).

Figure 5.4 Matrix of derivatives for a 1x1x3 grid — each line represents three matrix lines -

a=o,w,g.
[B(Resa) [B(Res,,,) ] [6(}?950,) ] [B(Res,,,) ] [B(Resa) ] [0(Resa) 0 0 0 }

dRes, [0(Resa)p] [6(Resa)p] [B(Resa)p] [6(Resa)p] [6(Resa)p] [G(Resa)p] [O(Resa) ] [O(Resa) ] [6(Resa)p]
a(ﬂ - n S S S
[6(Resa) ] [6(Resa) ] [G(Resa) ] [G(Resa) ] [6(Resa) ] [O(Resa) ] j

0 0 0

9p, 0p,

Source: Prepared by the author, 2020.

The Pardiso Solver, a high-performance and multi-thread package for symmetric and
unsymmetric linear systems, will be used to solve this system. More information about this
solver can be found in Kouronis, Fuchs and Schenk (2018), Verbosio et al. (2017) and
Coninck et al. (2016). This solver can be downloaded at Pardiso Solver Project (2020).

5.2 SIMPLIFIED RESERVOIR MODEL FOR COMPLEMENTARY
SIMULATIONS

Although the finite volume-based reservoir model is not slow, when exposed to
interaction with the well, it turns out to be more costly. Therefore, to test some situations,
especially for horizontal well situations, a model was also developed in a simplified way.

The simplified reservoir model is formed by two parts. The first part is responsible for
calculating the oil flow for a given reservoir condition while the second part is responsible for

calculating the energy loss in the reservoir.
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5.2.1 PERMADI MODEL FOR SEMISTEADY-STATE FLOW

In Permadi (1993) and Permadi (1995) the author presented a model to estimate the oil
flow rate for horizontal well. The advantage of this method in comparison with others is the
simplicity. But of course this simplicity comes with limitations. In this work, this model will
be utilized to test the correlations for horizontal wells, so the reservoir model cannot be
considered complete (it is just capable of representing some reservoirs).

Equation 5.43 presents the concept of productivity index as a relation between

pressure drawdown and oil flowrate:

Qo

]h B (pres - PWB)

(5.43)

When there is no pressure support, the reservoir presents a semisteady-state flow; the

Permadi model to estimate J, in this situation is presented in equation 5.44.

0.00708 K,h L

1B, {0.523 <Xe — Ye\fz> + Beh [ln <ﬁ\fz> - Z]}
Where the horizontal permeability is given by equation 5.45.
LK, + (Y. — L)/K,K
B ESIEDN o
Kn = Y, (5.45)
K, if Ky <K,
And the anisotropy factor is obtained using equation 5.46.
= [ 5.46
b= & (5:46)

Figure 5.5 presents the reservoir model whereby Permadi (1993) developed the

productivity equation. This model is restricted but good enough for the purpose of this work.
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Figure 5.5 Plan View of Reservoir Physical Model utilized to apply the Permadi Model.
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Source: Adapted from Permadi (1993).

5.2.2 PRODUCTION FORECAST FROM A TWO-PHASE RESERVOIR WITH
SOLUTION GAS DRIVE AS PRODUCTION MECHANISM

To simulate reservoir depletion, the material balance method will be utilized. More
about this technique can be found in Economides et al(2013). Here the focus is for a reservoir
that produces oil and gas and, as such, we will utilize a calculation method for solution gas
drive reservoirs as presented in Economides et al(2013).

Solution gas drive reservoirs are defined as reservoirs with no initial gas cap but
rapidly goes below the bubble-point pressure after production commences according to
Economides et al (2013), this allows two-phase flow in wellbore from the production start and
consequently it allows comparisons between correlations. The calculation method starts by

estimating the original oil-in-place as in equation 5.47.
N = ®,N, + 9,6, (5.47)
Where @, and @, are obtained by equations 5.48 and 5.49.

B, — RsBy
D, = (5.48)
(BO - Boinit) + (Rsoinit - RSO)Bg
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B (5.49)

b, =
7 (BO - Boinit) + (Rsoinit - RSO)BQ

Then define a Ap, to deplete the reservoir from initial condition and calculate the oil
produced during this step using properties calculated at the average value between the initial

pressure and the pressure after the depletion. The oil produced is calculated by equation 5.50.

1= N, @oa0 = Gp, Py av

N. o =
Pisi+1 Doy t+ GORguessq)g,av

(5.50)

The next step is to calculate the gas produced using R,; note that R, # R, since the
reservoir presents free gas which means that it cannot be calculated as an oil property. In fact,
this value transforms the calculation process in an iterative process and it has to be presumed

in the first iteration.

AG

Pivitr ANPi—» i+1

GORgyess (5.51)

To proceed with the calculation it is necessary to determine the oil saturation using
equation 5.52.

S, = (1 — %)%(1 —S.) (5.52)

With the saturation it is possible to calculate oil and gas relative permeabilities and

adjust the guess value for R, using equation 5.53; if the new value is near enough the last

value utilized to calculated ANpH i1 the simulation advances to the next step and sets a new

Ap,. AN, . . isrecalculated in the same manner every step after it.
Pisi+1

+ kg.uoBo

GOR =R
So v ko[.lng

(5.53)
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6 COUPLING

The focus of this chapter is to explain how the coupling simulations between reservoir,
wellbore and well work in order to simulate a system with imposed wellhead and no flux
condition at the reservoir external frontier. Four arrangements are presented in order to do
coupling between the reservoir model for vertical wells simulations, wellbore and well. A
coupling model was created to simulate horizontal wells.

Two questions are relevant to understand how coupling works:

-What are the possible orders to simulate coupling?

This is a logical question. If there are three systems then it is possible to find a solution
combining two of them and then find a solution for the remaining system or look directly for a
three-system solution. In case of finding a two-system solution, firstly it is possible to solve
the wellbore-reservoir or the well-reservoir systems, as the well simulator only considers the
total flow from each productive layer of the reservoir.

-How does each system interact with the results obtained by others?

This question was addressed in the three chapters before this one, but more
information is necessary. For wellbore and well it is possible to know which pressures match
for a determined set of flowrates from reservoir, but as these flows are not induced by those
pressures, it is necessary to guess a set of pressures that induces flows that match these
pressures. In order to do that it is necessary to implement an algorithm to guess these
pressure values. A third question that will be addressed in this chapter is how to utilize data
from a time step to start simulating the next time step. In the next sections, the four models for

vertical wells will be presented.

6.1 COUPLING METHOD 1

This method solves reservoir-well in a loop inside the main loop, or, in other words,
firstly it obtains a bottom hole pressure that matches the reservoir for a determined pressure at
the wellbore deepest point and then checks the validity of the last wellbore solution. If
wellbore solution do not match, then a new guess value is set for it and the reservoir-well loop
is solved. This process repeats itself until a guess value for wellbore respects the tolerance.

Figure 6.1 represents this algorithm.



Figure 6.1 Algorithm for Coupling Method 1.

Initial guess for BHP
(BHPg)

v

Adjust PWB to BHP
and dPWBD

A

Reservoir Simulation
to obtain flow rates

Well simulation
to obtain a new BHP
(BHPr)

New Guess for BHP
(BHPg)

¢— Yes

Error,; g >tolerance , g

No

i

:

Error,,, >tolerance

No

Y

Calculate error and
set a new guess to
wellbore pressure

Wellbore Calculation
to obtain
wellbore pressure

End Timestep

Source: Prepared by the author, 2020.

6.2 COUPLING METHOD 2
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This method solves reservoir-well-wellbore in the same loop; this loop starts with

reservoir simulation, then well is simulated to obtain a response value to BHP and finally this

BHP, and reservoirs flow are utilized to simulate wellbore. If this process does not reduce the

error to a value below the tolerance, a new guess for BHP is set. Figure 6.2 represents this

algorithm.



97

Figure 6.2 Algorithm for Coupling Method 2.
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Source: Prepared by the author, 2020.

6.3 COUPLING METHOD 3

This method solves reservoir-wellbore-well in the same loop; this loop starts with
reservoir simulation, then wellbore is simulated to obtain wellbore pressure distribution using

BHPF, and finally well is simulated to obtain BHP,. The difference between this method and
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method 2 is the use of BHF, instead of BHP. to simulate wellbore. Figure 6.3 represents the

algorithm for this coupling.

Figure 6.3 Algorithm for Coupling Method 3.
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Source: Prepared by the author, 2020

6.3 COUPLING METHOD 4

This method solves reservoir-wellbore in a loop inside the main loop or, in other
words, firstly this method obtains the wellbore pressure values that match the reservoir for a

determined bottom hole pressure and then check the validity of this pressure. If BHP does not
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match then a new guess value is set for it and the reservoir-wellbore loop is resolved. This

process repeats itself until respect tolerance. Figure 6.4 represents this algorithm.

Figure 6.4 Algorithm for Coupling Method 4.
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End Timestep No

Source: Prepared by the author, 2020.
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6.5 COUPLING METHOD FOR HORIZONTAL WELLS

The reservoir model based on the material balance method utilizes pressure steps; as
such, this algorithm starts setting a variation in the reservoir pressure to finally obtain
reservoir GOR. The Permadi Model is applied to the main loop to calculate Q, for the
reservoir pressure at the beginning of the depletion step; after that, wellbore pressure is
calculated using Q,, GOR and the bottom-hole pressure defined in program. The PWB
obtained is compared with the PWB utilized to obtain Q,; if the loop converges the time of

the step is obtained, else Permadi Model is recalculated using the new PWB.

Figure 6.5 Algorithm for horizontal coupling.

Set A p,
Y
Calculate properties » Calculate GOR using a
at average pressure material balance method
Utilize Permadi Model
Yes » to estimate oil flowrate

'

Utilize a wellbore model to
obtain PWB distribution

'

Calculate average PWB

| PWB—PWB,; ||>tolerance

Estimate the time of this

No > step

End
of step

Source: Prepared by the author, 2020.
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6.6 ROOT FINDING ALGORITHMS FOR FINDING BHP AND PWB,

In order to carry out coupling simulations, it is necessary to find BHP and PW B, that
fit reservoir production at each timestep; in other words, if reservoir is simulated with these
values and then wellbore and well are simulated with reservoir inflow, these simulations
should result in values close enough to the original ones.

In this context, it was developed two different root-finding algorithms, one for each
pressure. Both methods are based on the secant method, but with restrictions to avoid
numerical errors, especially in cases when the application of two different pressures results in
the same guess result ratio as described in Alves, R. (2017).

For BHP, the guessing algorithm starts by considering if this is the first iteration of the
coupling method. If so, then BHP of the last time step is utilized as the initial guess. For the
first time step of coupling, the search is made on an incremental basis; thus, this method
secures convergence. The difference of the first step to the other ones is that there is no
possibility of utilizing the last time step information to make the initial guess in a spot that is
close to the solution.

When a numerical error occurs, it is assumed that the root is between the last two
pressures guessed; this assumption is based on results from Alves, R. (2007). When the BHP
calculated is greater than the reservoir pressure at the wellbore interface, a random value in
the interval between this pressure and a pressure 50 psi lower is assumed. Figure 6.6
represents this BHP guessing algorithm.

Although figure 6.7 does not present what the algorithm does in case of numerical
errors, its process presents the same errors of BHP guessing. Here, however, every time a
numerical error happens the next guess is the pressure mean between the last guess and the
last response for PW B,. Figure 6.7 presents the concept PWB Curve Shape. It is the pressure
difference between neighboring points of the wellbore grid divided by total pressure drop in
wellbore. These values permit that when a new BHP is calculated all pressures on the

wellbore adjust to fit it .



Figure 6.6 Detailed algorithm to guess BHP.

Receive
BHP,,
BHP, ITE o p=1 Yes » BHP.=BHP,, ,,
ITECOL'P
COUP,
No
1,=BHP,/BHP 1,=BHP,/ BHP
2 — MOD/ITE op,2)=0 I R G
BHP,=BHP,. No ( cours2) Yes BHP,=BHP,.
ITE, >2
No i Yes
COUP >0
BHP,>BHP,, Yes P I—1I,
R~ BHP,— BHP,
B,=I,—A,BHP,
_1-B,
No BHP_.=BHP_+A BHP BHP ;= AL
IF(CONTROLA)A BHP=0.5A BHP |

CONTROLA=FALSE

BHP_=BHP_.— A BHP
CONTROLA=TRUE

|

]

No

ISNAN (BHPg;)

BHP;=MIN (Pgs)—RAND(1,51) [«

Yes

Return

A

BHP>MIN(Ppes)

Yes

v

BHP=0.5(BHP ,+BHP,)

Source: Prepared by the author, 2020.

102



103

Figure 6.7 Detailed algorithm to guess PWB and determine Wellbore Error.
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7 HORIZONTAL WELL SIMULATIONS

This chapter will present the comparison of results obtained by different correlations
for the same production cases. In order to do that, the simulation cases will be presented and

subsequently the results will be analyzed.
7.1 SIMULATION CASES

The simulation cases are based on the two reservoirs that are presented in Appendix B
with the other characteristics of the system. The four variables considered for each reservoir
are as follows:

- The length of the wellbore (L);

- The reservoir horizontal permeability (kj);

- The difference of pressure between the mean pressure of the reservoir and the pressure
at the well heel (DPWB);

- The wellbore radius (r;,).

The figure presents an illustration of a horizontal well. In this chapter, the non
horizontal region of the well will not be simulated; the pressure drop difference between
reservoir and well heel will be assumed constant during the production time. Table 7.1
presents all the simulations cases performed in order to obtain the results shown in the next
section. The depletion step utilized in every case is 100 psi.

Figure 7.1 — Horizontal well positions nomenclature
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Table 7.1- Simulation Cases.

CASE RESERVOIR L(fo) k;, (mD) DPWB (psi) v (ff)
1 1 200 100 2000 0.1875
2 1 200 100 2000 0.4060
3 1 200 100 2200 0.1875
4 1 200 100 2200 0.4060
5 1 200 200 2000 0.1875
6 1 200 200 2000 0.4060
7 1 200 200 2200 0.1875
8 1 200 200 2200 0.4060
9 1 600 100 2000 0.1875
10 1 600 100 2000 0.4060
11 1 600 100 2200 0.1875
12 1 600 100 2200 0.4060
13 1 600 200 2000 0.1875
14 1 600 200 2000 0.4060
15 1 600 200 2200 0.1875
16 1 600 200 2200 0.4060
17 2 4000 100 200 0.1666

Source: Prepared by the author.

7.2 RESULTS

The simulations cases presented previously will be carried out using the coupling
method shown in section 6.5 in order to estimate possible advantages of considering radial
mass transfer using Beggs & Brill. The first simulation was performed for Case 1 in table 7.1;
the results obtained for pressure drop over time are presented in figure 7.2.

Since Ouyang Model was created for this type of flow, it will be utilized as a reference
value for comparison purposes. It is clear in the figure above that Ouyang Homogeneous
Model obtained the closest results for pressure in each step of the simulation, but Beggs
Modified Model obtained better results than the original correlation, which is an evidence of
an improvement regarding the considerations made in Chapter 4. As presented in Figure 7.3
the oil flow rate was not a factor in pressure results, since correlations predicted almost equal

flow rates.



Figure 7.2 - Pressure Drop in Wellbore between heel and toe for Case 1.
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Figure 7.3 — Total Oil Flow Rate for Case 1.
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800

Figure 7.4 presents the liquid hold-up for the first step in Case 1. The liquid holdup for

Beggs & Brill Modified Model presents the same results as the original correlation; the

homogeneous model presents a constant value for liquid holdup as the inflow is made equal

along the length of wellbore. Ouyang Mechanistic Model shows discontinuities caused by
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pattern prediction and due to these discontinuities, the results obtained are sometimes closer

to the homogeneous model and sometimes closer to Beggs & Brill results.

Figure 7.4 — Liquid holdup in Wellbore for the first depletion step - Case 1
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Figures 7.5 and 7.6 show the results for Case 2. The pressure drop for Case 2 is small,
which probably indicates the occurrence of Reynolds numbers below 3000 (single-phase
laminar flow) in a significant length next to toe; in addition, the pressure-drop estimated by
the Beggs & Brill Modified Model is greater than the pressure-drop estimated by the original
correlation and it also indicates low Reynolds numbers. The value of 1 estimated for liquid
holdup by the Beggs & Brill Model is a consequence of a restriction factor applied when this
value is estimated above 1; this restriction is presented in Beggs and Brill (1983). Although
the modified model presents good results when compared with Ouyang Mechanistic Model,
this case of low Reynolds numbers is very unlikely to occur in real fields so it does not

produce a strong evidence of improvement.
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Figure 7.5 - Pressure Drop in Wellbore between heel and toe for Case 2.
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Figure 7.6 — Liquid holdup in Wellbore for the first depletion step - Case 2
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Cases 3 to 8 neither add any new information to the analysis nor enrich the discussion
of the results and so they are not explicitly presented or discussed. Case 9 presents an
expressive pressure drop. Figure 7.7 shows the pressure drop calculated by each correlation in

each depletion step. For this case the modified Beggs & Brill model predicts significant less
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pressure drop than the original model, and this difference, that is caused by the reduction in
friction losses, reduces the gap between this model and Ouyang Mechanistic Model. The
homogeneous model proposed by Ouyang (1998) presents the nearest results for every

depletion step.

Figure 7.7 - Pressure Drop in Wellbore between heel and toe for Case 9.
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Figure 7.8 — Liquid holdup in Wellbore for the first depletion step - Case 9.
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For liquid holdup, the behavior predicted by each correlation is very similar to that
presented in Cases 1 and 2, except that in case 9 it is possible to observe a small difference
between Beggs & Brill Model and Beggs & Brill Modified Model. Figure 7.8 presents the
behavior of liquid holdup for first depletion step in each model.

Case 16 brings new information to the analysis; in this case, the pressure drop
estimated by Ouyang Mechanistic Model in the last depletion step calculated is closer to the
estimate obtained with the Beggs & Brill Modified Model than to the estimate derived from
the homogeneous model, as presented in figure 7.9. The reasons behind it can be investigated
in figures 7.10 and 7.11. In the former, the liquid holdup estimated by the mechanistic
correlation indicates a dominance of stratified flow along the wellbore, but the flow pattern
close to the heel is intermittent and the liquid holdup increases.

Figure 7.11 presents the pressure along the wellbore in the last depletion step,
observing Ouyang Mechanistic results and integrating them with the information of figure
7.10 it is possible to identify that for intermittent flow the pressure drop is underestimated in
relation to other models. For stratified flow, the pressure drop estimated is greater than the
one estimated from the Beggs & Brill Modified Model, although the sum of losses in each
pattern results in a total value that is close to the one obtained by the modified model. This
case presents oil flowrates between 50000 and 20000 bbl/d, but there is no significative

difference between correlations estimatives.

Figure 7.9 — Pressure drop in wellbore between heel and toe for Case 16.
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Figure 7.10 — Liquid holdup in wellbore for the last depletion step - Case 16.
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Figure 7.11 — Pressure in wellbore for the last depletion step - Case 16.
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Case 17 is especially different because the wellbore is much longer; the results
obtained for pressure drop are presented in figure 7.12: the homogeneous model shows results

closer to the mechanistic model, but the modified model was significantly better than the
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original Beggs & Brill correlation. For the initial steps, with greater flow rates, the pressure
drop is estimated to be nearly equal for the three models that consider inflow effects. Figure
7.13 shows that flow rates behavior estimated by Beggs & Brill unmodified correlation are
dissenting with another correlations predictions and that other correlation presented

agreement, as expected by the pressure results.

Figure 7.12 — Pressure Drop in Wellbore between heel and toe for Case 17.
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Figure 7.13 — Total Oil Flow Rate for Case 17.
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Figures 7.14 and 7.15 permit a deeper investigation on the factors behind the small
difference between the modified correlation and Ouyang models. Results for liquid holdup
are in the small range compared to other cases presented. Observing the pressure behavior, the

discontinuities in holdup do not clearly appear.

Figure 7.14 — Liquid holdup in wellbore for the first depletion step - Case 17.
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Figure 7.15 — Pressure in wellbore for the first depletion step - Case 17.
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There is no significant difference on the friction/acceleration losses ratio between the
first step and the last one when the results are not so close; so, the main reason behind that
small gap is the small range of liquid holdup that induces a similar estimate for mixture
properties and consequently a similar estimate for pressure drop. With the increase in the
amount of gas in the wellbore, liquid holdup range raises and the pressure drop estimated by
each correlation eventually differs from the results of other models.

A final observation can be made comparing all the total pressure drops after a
depletion step; this comparison is presented in figure 7.14. Using Ouyang Mechanistic Model
as comparation basis, it is possible to notice that for low pressure drops (generally associated
with low flow rates) the original Beggs & Brill Model estimates smaller losses than the
mechanistic model. However, when the flow rate increases, that relation is reverted. Beggs &
Brill Modified Model estimate greater losses for almost every depletion step, but it generally
presents results that do not deviate much from the 25% difference range for the reference
model; conversely, the original Beggs & Brill deviate significantly, more than 25% for losses

above 5 psi. The homogenous model is consistent with the original Ouyang model.

Figure 7.14 — Total Pressure Drop estimated for each depletion step in every simulation case.
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8 VERTICAL WELL SIMULATIONS

This chapter is divided into three sections. Firstly, the coupling methods presented in

chapter 6 are compared. Then the influence of well and wellbore correlations in production

prediction is addressed and at last the coupling method is utilized to investigate the impact of

well radius in production. In order to obtain these results, the general characteristics of the

system are presented in Appendix C. Some complementary information is presented here:

The well length is a variable that is changed according to the simulation; it refers
to the distance between the wellhead and the top of the reservoir formation.

The well and reservoir radius are variables that are changed according to the
simulation;

The production zone is also a variable; it is always defined in Zone 1 of the
reservoir structure as presented in Appendix C;

The well characteristics are presented in Table B.3;

The At scheme for coupling simulations is as follows:

1000 s, if TS < 100
1d, if 100 <TS < 200
2d,  if200<TS <300
3d, if 300 <TS < 400 E.1)
4d,  if 400 < TS < 500 '
5d,  if 500 <TS < 700

10d,  if 700 < TS < 800

(20 d, if 800 < TS

The top-hole pressure behavior that is controlled by the algorithm :

At = <

e The pressure is calculated by equation 8.2 until it falls below 780 psi; then 780
psi is assumed. This is adapted from Schietz (2009) start-up method.

o —0.85979 tyin
THP(psi) = ((1 + ¢—003984(tmin—12053))

) + 887.52 (8.2)

e After that start-up process, if the oil flow rate for a time step is lower than 1000
bbl/d, THP is reduced by 50 psi until it reaches 580 psi, which is the

minimum wellhead pressure considered.

With this information it is possible to reproduce any result presented in this chapter.
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The 4 coupling methods were tested in 8 simulation cases; for these simulations, the

tolerance considered is 1073, r,, = 0.1458 ft, r, = 1500 ft and the length of production

zone is 20 ft. The results are presented in three complementary ways. Table 8.1 shows the

reason why a simulation ends, the ideal result for this is “No operation point reached”; this

implies that the simulation works but physically it is impossible to sustain production using

reservoir natural energy. The second way to present the results is to show a brief description

on how the simulation ends. Finally, the number of iterations required by each coupling are

compared.

Table 8.1- Coupling methods results for 8 simulation cases.

Well COUP1 CouP2 COUP3 COUP4
Length (m)
H&B 1500 Numerical Failure UNCLEAR UNCLEAR Numerical Failure
(1,1) (1,2) (1,3) (1,4)
H&B 2000 Numerical Failure UNCLEAR UNCLEAR Numerical Failure
(2,1) (2,2) (2,3) (2,4)
B&H 1500 No operation No operation No operation No operation
point reached point reached point reached point reached
(3,1) (3,2) (3,3) (3,4)
B&H 2000 No operation No operation No operation No operation
point reached point reached point reached point reached
(4,1) (4,2) (4,3) (4,4)
C&L 1500 No operation Numerical Failure | Numerical Failure No operation
point reached (5,2) (5,3) point reached
(5,1) (5,4)
C&L 2000 No operation Numerical Failure | Numerical Failure No operation
point reached (6,2) (6,3) point reached
(6,1) (6,4)
B&B 1500 No operation No operation No operation No operation
point reached point reached point reached point reached
(7,1) (7,2) (7,3) (7.,4)
B&B 2000 Production Production Production Production
did not start did not start did not start did not start
(8,1) (8,2) (8,3) (8,4)

Source: Prepared by the author,2020.

Table 8.1 shows that COUP1 and COUP4, both methods based on two iterations

loops, presented the same final causes for simulation endings; these causes are different than

the ones for COUP2 and COUP3, methods with only one loop. Although at first glance the

two-loop methods are more secure, since they simulate 5 of 7 cases until the end of the
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reservoir productive life, the failures presented by methods 2 and 3 are a consequence of very
low flow rates (a characteristic of Chexall & Lellouche correlation). The description of how
each simulation ends (the simulations are identified by their position in Table 8.1) helps to
clarify the information encountered.

Simulation (1,1) - The coupling method fails to advance to time step 1013 and it also
fails to reduce wellbore residue. It probably occurs because solution to wellbore pressures
oscillates between two vectors. BHP was stable for time step 1012 and total oil flow rate
swings between 612.732 and 612.736 bbl/d.

Simulation (1,2) - The coupling method fails to advance to time step 2067; the
numerical method to guess BHP was frequently inducing great production and consequently
causing a numerical error in the well results; when the guess value is robust, the producing
point was not found, so it is unclear if it is a numerical failure or the end of production.

Simulation (1,3) - The coupling method fails to advance to time step 2069; the failure
can be described as in Simulation (1,2).

Simulation (1,4) - The coupling method fails to advance to time step 1449; the failure
can be described as in Simulation (1,1), except that for this case oil flow rate swings between
508.063 and 508.071 bbl/d.

Figure 8.1 presents the necessary number of iterations (reservoir iteration) to advance
a time step in each coupling method; in the first step (0) COUP1 and COUP4 take more
iterations to reach the operation point than one- loop methods, but after that they generally
keep their iterations below 10. It is possible to observe that when COUP4 closes to time step
of failure, the number of iterations increases significantly which is an indication of a change
in reservoir behavior.

Figure 8.2 presents the oil flow behavior for Case 1; all the coupling methods present
little difference among the results obtained, except by the end of production. It is possible to
observe that COUP4 fails when the oil flow rate curve changes its inclination. The reason
behind this change will be addressed in the next section. This oil flow rate curves generally
shows this kind of results in this coupling comparison, so, except in special cases, they will

not be presented.
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Figure 8.1- Iterations of coupling methods for Case 1 every 50 time steps.
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Figure 8.2- Oil Flow Rate for Case 1.
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Simulation (2,1)-The coupling method fails to advance to time step 227; the failure

apparently occurs because the method is incapable of reducing wellbore flow rates errors

which can be a consequence of iterate well and reservoir and after that include wellbore

simulation.
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Simulation (2,2)-The coupling method fails to advance to time step 4673; the failure
can be described as in Simulation (1,2).

Simulation (2,3)-The coupling method fails to advance to time step 4676; the failure
can be described as in Simulation (1,2).

Simulation (2,4)-The coupling method fails to advance to time step 4493. Although it
is possible to produce more, according to results using other methods, there is no indication of
numerical failure that makes convergence impossible. The BHP value obtained can satisfy the
tolerance; therefore, a value in wellbore was considered intolerable.

In Figure 8.3 it is possible to observe that COUP4 shows a similar pattern to the one
presented in Case 1, which means that the start-up requires more than 100 iterations and after
that the number of iterations remains low. COUP1 struggles to obtain a solution for time step
200 and then fails in time step 227. COUP2 and COUP3, in general, need significantly more

iterations than coupling 1 to advance a time step; these correlations obtain very similar results.

Figure 8.3- Iterations of coupling methods for Case 2 every 50 time steps.
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Simulation (3,1)-The coupling method fails to advance to time step 494; it fails to find
a viable BHP too.

Simulation (3,2)-The coupling method fails to advance to time step 494; it fails to find
a viable BHP too.
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Simulation (3,3)-The coupling method fails to advance to time step 494; it fails to find
a viable BHP too.

Simulation (3,4)-The coupling method fails to advance to time step 494; it fails to find
a viable BHP too.

Figure 8.4 shows the number of iterations that are utilized by each coupling method in
Case 3; COUP2 and COUP3 presented again a similar behavior, needing more reservoir
simulations to obtain the operation point than COUP1 and COUP4, except for the first time
step.

Figure 8.4- Iterations of coupling methods for Case 3 every 50 time steps.
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Simulation (4,1)-The coupling method fails to advance to time step 420; it fails to find
a viable BHP too.

Simulation (4,2)-The coupling method fails to advance to time step 423; it fails to find
a viable BHP too.

Simulation (4,3)-The coupling method fails to advance to time step 421; it fails to find
a viable BHP too.

Simulation (4,4)-The coupling method fails to advance to time step 419; it fails to find
a viable BHP too.

Figure 8.5 presents almost the same pattern shown in figure 8.4, except that for Case

5, the two-loop couplings presented a raise in the number of iterations after time step 300. An
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important fact about this simulation is that the computational time for well simulation was
longer using Barbosa & Hewitt correlation than using other correlations that do not consider
the flow pattern in its calculations; this implies an advantage for COUP4 since this method

does not require well calculations for all iterations.

Figure 8.5- Iterations of coupling methods for Case 4 every 50 time steps.
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Simulation (5,1) - The coupling method fails to advance to time step 709; it fails to
find a viable BHP too.

Simulation (5,2) - The coupling method fails to advance to time step 559; it fails as
guess value for BHP induces a high flow rate from reservoir.

Simulation (5,3) - The coupling method fails to advance to time step 581; it is unclear
why it failed, but it is probable that it induces injection flow rate after 844 iterations.

Simulation (5,4) - The coupling method fails to advance to time step 707; it fails to
find a viable BHP too.

Figure 8.6 indicates an increase in the number of iterations when the reservoir energy
is reduced. For this case, relevant information about failures can be obtained observing the oil
flow rates results near the time when coupling methods 2 and 3 failed. In figure 8.7 it is
possible to observe that production is below 80 bbl/d and that the results for each method

oscillate around a tendency. The two-loop method presented more consistency on this
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oscillation; it starts with intervals in which the inclination almost remains constant, then its
inclination changes for a time step and returns to the original value. One-loop method does
not present a pattern in that oscillation; so it is possible that this random behavior, combined

with low flow rates, induced these methods to fail.

Figure 8.6- Iterations of coupling methods for Case 5 every 50 time steps.
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Figure 8.7- Oil Flow Rate for Case 5.
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Simulation (6,1)-The coupling method fails to advance to time step 717; it fails to find
a viable BHP too.

Simulation (6,2)-The coupling method fails to advance to time step 598; it is probable
that the method induces injection flow rate after 539 iterations.

Simulation (6,3)-The coupling method fails to advance to time step 596; the numerical
error was unclear. Some negative oil flow rates are obtained during the iterations.

Simulation (6,4)-The coupling method fails to advance to time step 727; it fails to find
a viable BHP too.

Figure 8.8 shows a difference in the pattern of COUP1 and COUP4 results. In Case 6,
their iterations do not increase probably as a consequence of the reservoir energy that is
greater than in Case 5. A relevant observation about Chexall & Lellouche simulations is that
two loops methods found operation points even for 3 bbl/d oil flow rate, which is almost
certainly an unrealistic result. So, the fact that they simulated these scenarios are not an
advantage in relation to COUP2 and COUP3.

Figure 8.8- Iterations of coupling methods for Case 6 every 50 time steps.

102 [ T T { T
* COUP1
; O COuUP2
L o O COUP3
e} X COUP4
2
* 8
Z
o
|<T: 10" (s} m) |
o ]
L a [ Q Q O
= O o * *
* * * X * * X * * * * * *
100 ® \ \ \ \ \ |

0 100 200 300 400 500 600 700

TIME STEP
Source: Prepared by the author, 2020.

Simulation (7,1)-The coupling method faild to advance to time step 382; it fails to find
a viable BHP too.
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Simulation (7,2)-The coupling method fails to advance to time step 382; it fails to find
a viable BHP too.

Simulation (7,3)-The coupling method fails to advance to time step 382; it fails to find
a viable BHP too.

Simulation (7,4)-The coupling method fails to advance to time step 382; it fails to find
a viable BHP too.

Just as in Case 3, all simulations for Case 7 ended in the same time step. Case 7 also
presented, after step 100, two perfect matches. COUP1 and COUP4 as well as COUP2 and
COUP3 showed the same number of iterations in each time step.

Figure 8.9- Iterations of coupling methods for Case 7 every 50 time steps.
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Simulation (8,1)-The coupling method fails to find an operation point for reservoir
start-up.

Simulation (8,2)- The coupling method fails to find an operation point for reservoir
start-up.

Simulation (8,3)- The coupling method fails to find an operation point for reservoir
start-up.

Simulation (8,4)- The coupling method fails to find an operation point for reservoir
start-up.
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In Case 8, there is no production, and thus, no iteration graphic. The combination of
all observations results is some conclusions:

- COUP1 and COUP4 presented similar results.

- COUP2 and COUPS3 presented similar results.

- One-loop coupling requires more iterations than two-loop coupling.

- One-loop coupling performs better to the start-up and is more probable to advance

a time step than two-loop coupling.

- One-loop coupling requires an improvement

In the next sections, simulations were performed using COUP3 since there is more
security in one-loop coupling. No significant difference between coupling 2 and coupling 3
was found; COUP3 was chosen for the next simulation only because the simulation order of

the systems seems more natural.

8.2 CORRELATIONS

The impacts of the four correlations for well and the 2 correlations for wellbore were
tested in 8 simulation cases. The tolerance considered for these simulations was 1072, r;, =
0.1458 ft and r, = 1500 ft. Tables 8.2 and 8.3 show the number for each simulation

performed.

Table 8.2 — Simulations using Ouyang Homogeneous Wellbore Correlation.

PRODUCTION WELL H&B B&H caL B&B
ZONE (ft) LENGTH (m)

20 1500 1 2 3 4

20 2000 5 6 7 8
40 1500 9 10 11 12
40 2000 13 14 15 16
60 1500 17 18 19 20
60 2000 21 22 23 24
80 1500 25 26 27 28
80 2000 29 30 31 32

Source: Prepared by the author, 2020.
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Table 8.3 — Simulations using Beggs & Brill Modified Wellbore Correlation.
PRODUCTION WELL H&B B&H C&L B&B
ZONE (ft) LENGTH (m)

20 1500 33 34 35 36
20 2000 37 38 39 40
40 1500 41 42 43 44
40 2000 45 46 47 48
60 1500 49 50 51 52
60 2000 53 54 55 56
80 1500 57 58 59 60
80 2000 61 62 63 64

Source: Prepared by the author, 2020.

8.2.1 IMPACT OF WELL CORRELATIONS

In order to estimate the impact of well simulation on reservoir production, only the
simulation results in Table 8.2 will be considered. Figure 8.10 presents the results for oil flow
rate in simulations 1 to 4; the results indicate that Hagedorn & Brown correlation estimates a
production time considerably longer than other correlations. Chexal & Lellouche and Barbosa
& Hewitt Models presented very similar results for production because along most of the
well, the flow pattern found by the Barbosa & Hewitt Model is bubble. For this pattern, the
pressure drop is calculated based on the correlation of Chexal & Lellouche.

Beggs & Brill forecast an initial flow rate above Chexal & Lellouche and Barbosa &
Hewitt Models, but this correlation indicates that reservoir energy sustains production for a
shorter time. A consequence of these two facts, that is not easily noticed in figure 8.11, is that
those three models presented almost the same results for total production. As expected for
figure 8.10, the total production estimated by Hagedorn & Brown is more than 10 times
greater than the production estimated by other correlations.



Figure 8.10 — Oil Flow Rate for simulations 1 to 4.

OIL PRODUCTION L=1500 PZ=20ft

127

1800 — T T T T T
1600 - .
1400 - i

<)

S100- S B

Qo

& 1000 - -

2

o

- 800 - _

= —*—Beggs & Birill

O —=—Barbosa & Hewitt
600 - Chexal & Lellouche B

—e—Hagerdorn & Brown
400 - B
200 | L ol | ol L | L
1072 107 10° 10" 102 10° 104 10°
Time [d]
Source: Prepared by the author.
Figure 8.11 — Cumulative oil production for simulations 1 to 4.
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The BHP behavior presented in figure 8.12 shows that after start-up, every correlation
remains at a quasi-constant value, but the timing of this stability is very different for the
Hagedorn & Brown correlation. It is a 10-day phenomenon in this case and in other situations
this condition remains unaltered until a change in THP occurs. After that period, Hagerdorn &
Brown reduces the pressure demand in the well and this extends the production time.

Though initially Barbosa & Hewitt and Chexal & Lellouche present almost the same
results, for the final days of production the mechanistic model shows a slow growth and
category 2 correlation spikes; this instantenous growth reduces production but permits more

days of production.

Figure 8.12 — BHP for simulations 1 to 4.
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Figure 8.13 presents the gas-oil ratio for each model; except for Hagedorn & Brown,
the results found are essentially constant. GOR drops for Hagedorn & Brown correlation
before other simulations end. This drop implies the release of a quantity of gas from oil
located in the reservoir, but its low saturation makes the gas phase immobile in the reservoir.
Although the total volume of gas produced is reduced, the gas is free at the wellbore and this

implies a reduction in total energy required in well and wellbore.
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Figure 8.13 — GOR for simulations 1 to 4.
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For these four simulations, a complete analysis was made. As results are similar in
other cases, for the aforementioned four simulations only results that bring up new
information are shown. Figures 8.14 and 8.15 show an interesting point: Barbosa & Hewitt
correlation does not present similarities with Chexal & Lellouche correlation in the initial
steps which indicates that bubble flow is not dominant for these steps. After 100 days this
situation changes, and results are almost the same for both correlations.

Another observation that should be made is that even when the initial production
estimated by Hagedorn & Brown correlation is smaller compared to other correlations, the
estimated production time is longer. Figure 8.15 shows that the phenomenon of the drop in
BHP after a stability period is a consequence of correlation itself and not an effect of reservoir
transmitted to the well. This makes the pressure estimated by Hagedorn & Brown to fall
below the pressures values estimated by other correlations and bubble point (2000 psi)

allowing free gas flow throughout the wellbore.



Figure 8.14 — Qil Flow Rate for simulations 25 to 28.
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Figure 8.15 — BHP for simulations 25 to 28.
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Figure 8.16 shows the production predicted by simulations 21 to 24; an interesting

observation about this figure is that Beggs & Brill predicts more production than Barbosa &

Hewitt and Chexal & Lellouche. This is an important observation because for simulation 8,
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category 3 correlation does not find a operation point to start-up. In fact, the behavior of
Beggs & Brill is the most sensitive to variations in the length of the production zone.

Figure 8.16 — Oil Flow Rate for simulations 21 to 24.
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Other results do not bring up any new information. In a single sentence, the conclusion
of this section is that well correlation influences coupling production results a lot. So, in order
to simulate a field, it is important to consider which correlation best fit the well test results.

8.2.2 WELLBORE CORRELATIONS IMPACT

Ouyang Homogeneous Model and Beggs and Brill Modified Model were utilized for
simulation purposes. Each simulation that applied the homogeneous model in Table 8.2 has a
counterpart that used the modified model in Table 8.3. The results for oil flow rate obtained

by simulations 29 and 61 are presented in figure 8.17.
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Figure 8.17 — Qil Flow Rate for simulations 29 and 61.
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The results demonstrate that the wellbore method does not impact too much on the
production results, although Beggs & Brill Modified Model predicts a longer production time,
the time difference does not imply a significant difference in total production (around 5%).
The total pressure drop in wellbore remais at around 26 psi during production for both
correlations; in fact, the results for wellbore in the first time step are exactly the same. As a
consequence of these observation it is possible to suggest that the difference in production
time is a consequence of random guessing combined with COUP 3 failures for small flow
rates.

The comparison of results obtained by simulations 20 and 52 are shown in figure 8.18;
these results confirm the small impact of wellbore simulation in coupling results (the sum of
losses in wellbore was around 19 psi during production time). In fact, all 32 comparisons of
Table 8.2 and Table 8.3 presented this pattern; as a consequence, showing other results is
redundant. The main conclusion of this section is that unless the production zone represents a
significant portion of the well, the model utilized for its simulation is irrelevant for production

results.
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Figure 8.18 — BHP for simulations 20 and 52.
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8.3 WELL RADIUS

This section is intended to show how coupling simulations could be important to
define production strategies. Although the program developed is very simple and limited
when compared with a commercial software, it is possible to perform simulations to
understand how a variable impacts on the system. In order to exemplify that, the results
obtained with two well radii are compared in 9 simulations cases as presented in Table 8.4.
The tolerance considered for these simulations is 1072, the length of production zone is 20 ft
and the well length is 2000 m.

Table 8.4 shows the results for total production with two values for 7, and the
percentual decrement when producing with larger radius. Hagedorn & Brown simulations
estimate greater values for total production than other correlations which results in
consistency among the results obtained for production decrement using a larger well. In fact,
for Hagerdorn & Brown, the initial oil flow rate is smaller when producing with smaller
radius, but production time is longer, and it induces an increment in total production as

presented in figure 8.20.
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Table 8.4 — Production results with two well radii

1, (ft) Well Total Production (bbl) Total Production (bbl) %
Correlation ry = 0.1463 ft rw = 0.1875 ft Production
Variation
1500 B&H 327861 292913 -10.66
2000 B&H 652018 531713 -18.45
2500 B&H 1007748 897134 -10.98
1500 C&L 347119 358236 -3.10
2000 C&L 594633 679762 -12.52
2500 C&L 885518 920818 -3.83
1500 H&B 18948085 20744665 -8.66
2000 H&B 34876996 37532274 -7.08
2500 H&B 55891138 59891747 -6.68

Source: Prepared by the author, 2020.

For Barbosa & Hewitt and Chexall & Lellouche, the initial oil flow rate is greater
when producing with smaller radius; this occurs due to a deeper release of gas into the well
that reduces BHP. Still on these correlations, the decrement in production for cases with r, =
2000 ft is considerably bigger than in other simulations; this occurs because with smaller
well radius, the coupling method found an operation point with a greater value for BHP when
the results of oil flow rate are closer to the value of reservoir death using n,, = 0.1875 ft.

It is clear in Table 8.4 that there is a decrement in total production using a larger
diameter. The percentual value of this decrease could be very decisive in production
situations; a smaller diameter could imply more investment in drilling and completion.
Probably a 3.10% increase(line four in the table 8.4) in barrels produced will not provide a
return on the initial capital invested.

Figure 8.19 and 8.20 demonstrate that the well radius shifts production results. In
some cases, BHP is reduced when r,, decreases and as consequence, the oil flow rate
increases. On the other hand, when producing at low flow rates, the reservoir energy is
preserved and it has more time to be restored by gravitational effects; production time is
longer so it is possible that for some situations a thinner well will increase total production

even when it gets started with a low flow rate.



Figure 8.19— BHP for simulations of line 5 of Table 8.4.
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Figure 8.20 — Qil Flow Rate for simulations of line 9 of Table 8.4.
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9 CONCLUSIONS

The main objective of this work was to develop a well-reservoir coupling method for
vertical simulations using a transient reservoir simulator and a steady-state well simulator.
During the development of this work, horizontal well results were needed and so, a simplified
reservoir simulator was developed to proceed with the simulations. Both methods were
successfully programmed and obtained reasonable results.

The proposed well simulator was broken in two simulators during this work; each one
using a specific approach. The first one, targeted at the region of well that do not receive
influx from reservoir, maintained the name “well”. The program for this region was
developed by Alves, E.(2017) and originally coupled with reservoir by Alves, R. (2017). The
second region is the one under reservoir inflow, namely “wellbore”; the related simulator was
fully developed exclusively for this work using as reference the work of Ouyang (1998).

The horizontal well simulations were performed in order to measure the impact of
adapting the correlation developed by Beggs and Brill (1983) to consider radial influx; this
correlation was compared with the modified model developed by this work and with the
mechanistic and homogenous models presented by Ouyang (1998) as both were developed
using radial influx as reference experiments. The results showed that, in general, Modified
Beggs & Brill correlation pressure drop calculation was more consonant with Ouyang (1998)
models than with the original correlation, although liquid holdup results were very similar
with or without modification.

As the well model was broken in two simulators, 4 methods were developed to couple
the reservoir with these two simulators; the differences between these methods were the
simulation order and the way they were iterated - either using one or two loops. The four
coupling methods were utilized to simulate eight production cases and the results of these
simulations permitted two main observations:

- The methods that utilize two loops (COUP1 and COUP4) needed fewer iterations to
advance a time step.

- The methods that utilize one loop (COUP2 and COUP3) are less susceptible to
numerical errors.

The well program permits to utilize the correlations developed by Hagedorn and
Brown (1965), Beggs and Brill (1973), Chexal et al. (1992) and Barbosa and Hewitt (2006)
and the wellbore program permits to utilize the Modified Beggs & Brill correlation and the
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homogeneous Ouyang (1998) model. Thus, in order to evaluate the impact of correlations in
production, 8 systems were simulated using the 8 combinations of well and wellbore
correlations to obtain 64 simulations. These 64 simulations were compared, and the outcome
showed that:

- Well simulator correlations are very important to the production results; the coupling
results could even change the scale of oil produced according to the correlation
utilized.

- Altought for initial time steps each well correlation predicts a different flow rate, the
main difference in total production results is a consequence of gas liberation in
reservoir.

- Chexal & Lellouche and Barbosa & Hewitt correlations presented very similar results
in most correlations; this observation indicates a dominance of bubble flow in the
well.

- Wellbore results indicate that the correlation utilized for this region was not impactful
in the results; this is a consequence of the production zone length and of the small
presence of gas in this region.

Finally, the coupling simulator was utilized to compare two well radii in 9
configurations. The results of these simulations showed that a smaller radius induces a greater
production. The reasons behind this increase in production changes according to the
correlation utilized to simulate the well; for Hagedorn & Brown, a smaller initial flow rate
sustains the production for a long time; for the other correlations, the reservoir has a short life
but the initial flow rate is lower for larger diameters.

As such, the primary and secondary objectives of this work were fulfilled. Regarding
recommendations for future studies, a few topics of interest were identified:

- An investigation about the possibility of adapting two-phase flow models to consider
lateral influx.

- To develop a combination of the two and one-loop methods, utilizing two-loop
methods to reduce iterations and one-loop methods to increase the probability of
convergence.

- To test a coupling method with unified well and wellbore models using only the
pressures and flows at the wellbore as variables to be tested during iterations; this will

reduce the necessity of data exchange between well and wellbore models.
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To implement and compare more multiphase flow models and to run tests with more
reservoir models, preferably real field data, in order to better understand how
impactful these models are in a variety of situations.

To develop a program that utilizes real field data to check which well model best
matches these data.

To improve the program to perform a better representation of real fields, including gas
lift in the well, injection in reservoir, aquifer representation, gas in water solution and
SO on.

To perform simulations to investigate the liquid load formation in the well and
formation of a U-curve for the pressure in the reservoir; in order to do that it will be

necessary to allow for negative velocities in the well.
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APPENDIX A

A.1 LOCKHART-MARTINELLI FOR STRATIFIED FLOW

For stratified regime, the Lockhart-Martinelli equation has the following format:

G(hy) = X?F, — F, —4(Y + 1) (A4.1)

As presented in chapter 4, X2 and Y are independent of h;,; however F,, F; and I need
to be calculated according to the height of the liquid in the pipe. What follows is the process
to obtain these three variables. This process is initiated by the operations represented by
equations 4.68 until 4.79 and it is followed by obtaining the friction factor for the actual gas

velocity and other geometric properties of flow:

A =A—A4, (A.2)
_ 44, A3
U,D
Re, = piYiy (A.4)
H
fwl = Fyetibore (Rel» Re,, D, 6) (A. 5)

It is important to note that Re,, does not depend on h;, It is also important to calculate

fi using the equation R + 61. Thus, F,, F; and I can be calculated by:
U\* (DS
r= () () (4.6
fs/ \Ust/ \ 4

_ L)(U_Hﬁ iuiwiwsi(i L)l
h (fsg Usg Ag +fwg ng Al+Ag 4.7
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P1 Ulqll nggCIIg (dp)
=2 — — A.8
< Al Ag / dx sg ( )

Therefore, there is now a method to obtain G for any value of h;;. The h;;values that
allow the pressure drop calculated using the momentum conservation of one phase to be the
same as the pressure drop calculated using the momentum conservation of another phase, are
those that G equals zero. As such, one must seek to obtain the roots of G which will be done
by the numerical method in the third section of this appendix.

A.2 LOCKHART-MARTINELLI FOR ANNULAR FLOW
For this regime, the Lockhart-Martinelli equation has the following format:
G(8yy) = X?°F, —F,—4(Y +1) (A.9)

To calculate G, one must start by solving the equations from 4.84 to 4.100 and in a

complementary way:

A = A— A, (A.10)

fwi = Fwellbore(Ref' Rey, D, 6) (A.11)
_(fw\ (Ur 2 (DS,

rum (B2) (L (22 w2
NEAYAYEAY 1 1

5 =(2) (o) (o) o a) @13

_ ﬂ _ Fe CIIg _ chUcCIIg d_P
= [2 < Af > (q” 1- Fe) A (1 - Fe)l / (dx)sg (4.14)

For annular pattern, when G equals zero to a value of §,,4, the pressure drop calculated

by core momentum balance has the same value of the pressure drop calculated by liquid film
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momentum balance; this condition indicates that the value of §;; is mathematically coherent.

The numerical method in the next section will be utilized to find the possible values of §;,.

A.3 RIDDERS’ METHOD ADAPTED TO hy; AND &,; CALCULATIONS

Although there is physically only one coherent h;; value for a flow condition in the
stratified regime and one coherent §,;,; value for a flow condition in the annular regime, it is
mathematically possible to find more than one root for G considering h;; or §;4 values greater
than zero and less than one.

That mathematical condition was addressed by Ouyang (1998) in order to determine
what is the physically coherent root. Some of Ouyang (1998) observations are important to
consider in order to define a numerical method to solve this problem properly:

- Although for pipes without wall mass transfer multiple solutions are only possible
for upward flow, for pipes with inflow or outflow multiple solutions may exist for horizontal
and downward flows;

- In case of multiple solutions, the lowest value of h;; or &;4; is the only that is
physically realistic.

- In case of multiple solutions, they are certainly not two, but three; this implies that
G(0) and G (1) should have opposite signs.

This multiple solutions situation demands the use of a multiple root finding method or
an adaptation of a single root finding method combined with a bracketing scheme; in this
work the option was for the latter. The numerical method utilized for root finding is the
Ridders’ Method as presented in Root... (2007); this method is a variant of the false position
method.

The bracketing scheme focus is to guarantee that the lower root can be found, except
in cases that another “sufficiently close” root exists; in order to define what sufficiently close
means it is important to explain how the algorithm is utilized for bracketing works:

- The first step is to define an interval of solution; for the first iteration itis 0 < V; <
1

- Then this interval is divided in n, — 1 subintervals; the maximum and minimum of
these subintervals and the values of G calculated at these points are saved in two vectors
V (k) and G(k) wherek =0, ... ,n; — 1;
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- A sequence of tests is performed with the values of G (k) and if more than one
subinterval containing a change in sign is found, then the Ridders’ Method is utilized in the
lower subinterval;

- If only one root-subinterval is found, then is possible that two other roots are
bracketed in another lower interval. The maximum value for the interval of solution is made
equal to the maximum value of the lower root-subinterval (and in this case unique root-
subinterval) denoted by V(k;,,, + 1);

- Finally a new subdivision is created and investigated, according to the criteria in
Figure A.1, except if the last subdivision utilized was the fifth subdivision created. In this
case, the decision is to accept that the solution is unique. The criterion of fifth subdivisions
can be changed in order to obtain more precision; this criterion and the initial value of n, are
responsible to change the precision of the process.

The advantage of using this method against simply explore more points in each
iteration is based on the fact that most of the roots are encountered in values of V; lower than
0.5, so, it is possible to eliminate intervals that certainly do not contain a root and preserve the

number of points that are necessary to calculate in a new iteration.



Figure A.1 — Algorithm to Lockhart-Martinelli Solution
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APPENDIX B

B.1 RESERVOIRS UTILIZED FOR HORIZONTAL WELLBORE
SIMULATION

Two basic reservoirs are created to perform horizontal wellbore simulations; they
share the same fluid properties, but the geometry is changed in order to obtain production
situations that are significantly different. The characteristics of Reservoir 1 and 2 are

respectively presented in tables B.1 and B.2.

Table B.1- Characterization of Reservoir 1
RESERVOIR 1 CHARACTERISTICS

X 744 ft
Y. 744 ft
h 744 ft
Di 4336 psi
Pb 4336 psi
() 0.21
Sw 0.3
k, 10 mD

Source: Prepared by the author

Table B.2- Characterization of Reservoir 2
RESERVOIR 2 CHARACTERISTICS

X 5000 ft
Y. 5000 ft
100 ft

Pi 4336 psi
Pp 4336 psi
0] 0.21

Sw 0.3

k, 100 mD

Source: Prepared by the author

The wellbore characteristics, except for length and diameter, are the same for all the

simulations; table B.3 presents these characteristics.
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Table B.3- Wellbore Permanent Characteristics
WELLBORE PERMANENT CHARACTERISTICS

Perforation diameter 0.18 in
Perforation density 10 shots/ft
Inflow angle to the horizontal 45°
Relative Roughness 0.0002

Source: Prepared by the author

With respect to the rock, the gas and oil relative permeabilities are calculated

according to equations B. 1 and B. 2 for all the simulation cases.
kg = 0.9314 S — 0.0052 S, + 107° (B.1)
kro, = 13.342 Sj —4.5443 S, + 0.4906 (B.2)

Solution gas-oil ratio, oil volume factor and gas volume factor are calculated by
interpolation using, respectively, tables B.4, B.5 and B.6.

Table B.4 — Solution GOR

PRESSURE (psi) R, (scf/stb)
464.3 55.20
940.5 135.9
1369 208.1
1821 293.0
2167 363.1
2583 456.5
3131 573.2
3762 713.4
4012 777.1
4369 857.7
4488 893.8
4631 891.7

Source: Prepared by the author
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Table B.5 — Oil volume factor

PRESSURE (psi) B, (bbl/stb)
35.43 1.080
259.8 1.091
815.0 1.132
1417 1.180
2091 1.239
2469 1.276
3260 1.355
3673 1.397
4193 1.449
4453 1.461
4795 1.454
4972 1.453

Source: Prepared by the author

Table B.6 — Gas volume factor

PRESSURE (psi) B, (1072 bbl/stb)
902.5 1.974
966.1 1.850
1017 1.738
1144 1.532
1373 1.270
1691 1.021
2136 0.7768
2949 0.5622
3432 0.4936
4093 0.4378
4703 0.3991
4945 0.3777

Source: Prepared by the author

Oil density is calculated using Table B.7 and gas density is calculated using equation B.3.
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Table B.7 — Oil density

PRESSURE (psi) po (Ib/ft%)
24.14 49.19
4225 48.19
1195 46.24
1485 45.59
2197 43.71
2922 41.93
3767 39.89
4177 38.95
4382 38.63
4708 38.82
4938 38.95

Source: Prepared by the author

_ ygpair .

pg Bg )

where y, = 0.7 and pg; = 0.0764 lb/ft> (B.3)

Oil viscosity is estimated using table B.8 and gas viscosity is assumed constant using

equation B.4.

Table B.8 — Oil viscosity

PRESSURE (psi) 1, (cP)
58.82 1.843

223.5 1.660

494.1 1.380

1035 1.040

2024 0.7219

2988 0.5732

4012 0.4798

5035 0.4671

Source: Prepared by the author
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uy = 0.0246 cP (B.4)

The properties utilized for these reservoirs are extracted from curves presented by
Economides et al (2013); the first reservoir geometry is based on an example presented by

Permadi (1995) and the second is based on an Ouyang (1998) example.



159

APPENDIX C

This appendix presents the basic information about the reservoir simulated to obtain

vertical results and how the properties were calculated for these simulations.

C.1 RESERVOIR UTILIZED FOR VERTICAL SIMULATION

The basic structure of reservoir utilized in simulations is presented in Table C.1

Table C.1 — Reservoir basic characteristics

Fluids Densities

°API 37.29
Gas Specific Gravity (y,) 0.367
Air density (Standard Condition) 7.640x1072 Ibm/ft3
Water density (Standard Condition, p,,,s) 63.02 Ibm/ft?
Reservoir Initial Condition
Pressure (at the bottom of reservoir, p;) 3600 psi
Bubble Point Pressure 2000 psi
Oil Saturation 0.80
Water Saturation 0.20
Reservoir Height 460.0 ft
Temperature 122 °F
Rock Properties
Porosity (at 3600 psi, ¢) 0.25
Rock compressibility (cg) 4.7x10° psi~t

Source: Prepared by the author

The reservoir grid in vertical direction is presented in Table C.2; for radial direction,
20 points are utilized for all simulations. A grid with 500 points was utilized for all well
simulations. For wellbore simulation, the grid had the same number of points that the number

of reservoir layers open to flow.



Table C.2 — Reservoir grid in vertical direction

Zone Layers Thickness
1 20 100 ft

2 6 240 ft

3 2 80 ft

4 1 40 ft

Source: Prepared by the author

C.2 ROCK AND FLUID PROPERTIES
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This section will present how properties that depend on pressure, temperature or rock

saturations are calculated for vertical problems. Porosity of a specific reservoir point is

calculated by equation C.1; this equation is based on rock compressibility definition. Water

relative permeability is calculated by equation C.2 and gas relative permeability is calculated

by equation C.5. The curves utilized to obtain these permeabilities are presented in Wijaia

(2006).

¢ = poerRPPI

krw =3 fir(Sw),  if 0.2115 < S,, < 0.9839
1.0,  if S, =0.9839

0.0, if S, < 02116

fiery (Sw) = 7.1858x107° (1.6264 * 10*)Sw

1.0, if S, < 0.2467
Krow = 4 firon, (Sw)s if 0.2467 < S,, < 0.8430
0.0, ifS, = 0.8430

6

fraow ) = ) Gy Sk

i=0

(€.1)

(€.2)

(€.3)

(C.4)

(C.5)



0.0, if S, < 0.08675
kg = { firg(Sg),  if 0.08675 < S; < 0.7884
1.0, if S, = 0.7884

6
fkrg (Sg) = z CikrgS!g
i=0

1.0, if S, < 0.0142
kyog = { flrog () if 0.0142 < S; < 0.6995
0.0, if S, = 0.6995

6

fkrog(sg) = Z Cikrogs‘é

1=0

Table C.3 — Constants for relative permeabilities calculations
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(C.6)

(C.7)

(C.8)

(C.9)

Krow krg Krog

Ce 0 158.3384 0

Cs 89.2549 — 387.0558 9.9674
Cy —287.3122 345.8214 — 16.5587
C3 351.8027 —139.2533 4.2659
C, —199.1794 27.4543 6.8697
Cy 48.7476 —2.0339 — 5.0497
Co —3.2043 0.04230 1.0068

Source: Prepared by the author

The oil permeability is calculated using Stone Il model, as presented in Chen, Huan

and Ma (2006).

kro = (krow + krw)(krog + krg) - (krg + krw)

(C.10)

Water volume factor is calculated according to equation C.11 which is an empirical

formula presented in Chen, Huan and Ma (2006). Water viscosity is calculated by equation
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C.12 and water density by equation C.14; both equations are encountered in Chen, Huan and
Ma (2006). The water density receives the unit of p,,.

B, (bbl/stb) = (Ag, + Bg,p + Cs,p?) (C.11)

Table C.4 — Constants for water volume factor calculation

Ag, 0.9911 + 6.35x107°Ty + 8.5x107 7 T?
Bg, —1.093x107% — 3.497x107°T + 4.57x107 12T}
Cz,, —5.0x107 — 6.429x107 13Tz — 1.43x10715T2

Source: Prepared by the author

247,8
i, (mD) = 0.02414x10Tk—140F,,, (C.12)
Foy = 1 + 3.5x10"12p2(T}; — 40) (C.13)
pWS
pw=5—(1+cw®—p)) (C.14)
wi
cw(®Psi™Y) = (Apy + BT + Cry Te) (1 + 0,0089Rgy,) x10~° (C.15)
RSW =ARSW +BRSWp+CRSW pZ (C16)

Table C.5 — Constants for water density calculation

Ry cw
A 2.12 + 3.45x1073Tz — 3.59x107°T2 3.8546 — 1.34x10™*p
B 0.0107 — 5.26x107°Tx + 1.48x107 T2 —0.01052 + 4.77x1077p
C| —8.75x1077 4+ 3.9x107°T — 1.02x107 1172 3.9267x107° — 8.8x1071%

Source: Prepared by the author

The GOR in solution (equation C.17) and the oil volume factor (equation C.18) are
calculated using Standing (1947) correlations as presented in Guo, Lyons and Ghalambir (2007).
Oil viscosity is calculated by equation C.19 presented in Chen, Huan and Ma (2006). The oil

density is calculated using equation C.22 and receives the unit of p;.



R scf\ pp, 100:0125 °API 1.2048
so\5ep) = Y9 |18 1000009177

1,175

B, (bbl/stb) = 0.9759 + 0.000147 [RSO jf;; + 1.25T;
o

1 (mD) = { Hop,  If D<Dp
° Hob +0,001(p — pp)(0,024u55 + 0,38u03°),

Hop = 10a#3d

_(03p 4 18¥107 ( 360 )Auod
Hoa =\ B-22 % prass J\T, + 200

Table C.6 — Auxiliary values for oil viscosity calculation

if p>pp
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(€C.17)

(€C.18)

(€.19)

(C.20)

(€.21)

8.33

0.434+5757
= °API
A#od 10

a = Ry (2.2x107 7Ry, — 7.4x10™%)

) — 0.68 N 0.25 N 0.062
T 10¢ 0 104 T 10€

c =8.62x107°Ry,

d = 1.10x10~3R,,

e = 3.74x1073R,,

Source: Prepared by the author

_ pOS + pgSRSO
po Bo

(C.22)

The gas volume factor (equation C.23) was adapted by Alves R. (2017) from a table

presented in Chen, Huan and Ma (2006). Gas viscosity is calculated by equation C.24

presented in Chen, Huan and Ma (2006). The gas density is calculated using equation C.35

and receives the unit of p,;.



By(scf/stb) = 2.3141 p~0-935%9

exp(F) pe

Ty

pg(mD) =

F = Ay, +B, Ty + Cy T2 + D, TS

T

¢ =187 + 330y, — 71,5 2

Ay, = Auj0+ Ayj1bpr + Aygzp;gr + Auggpﬁr
B,, = By o+ By 1Ppr + Bugzpzz)r + BﬂgspSr
C

— 2 3
g — Cugo + Cuglppr + C/ngppr + Cug3ppr

Dﬂg = Dl{go + Duglppr + D#gngr + D[l,g3pl?;1"

p

Dpr = —
PT Ppe

Ppc =706 —51,7 y, — 11,1 y7

Table C.7 — Constants for gas viscosity calculation
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(€.23)

(C.24)

(C.25)

(C.26)

(C.27)

(C.28)

(C.29)

(C.30)

(C.31)

(C.32)

(€.33)

pg0 pgl Ug?2 Ug3
A —2.4621182 2.97054714 | —0.286264054 | 8.0542052x1073
B 2.80860949 | —3.49803305 | 0.36037302 | —1.04432413x1072
C —0.793385684 | 1.39643306 | —0.149144925 | 4.41015512x1073
D 0.0839387178 | 0.186408848 | 0.0203367881 | 6.09579263x10~*

Source: Prepared by the author
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ue = (1.709x1075 — 2.062x10 %y, )T + 8.188x1073 — 6.15x10 3 In y, (C.34)

py =L (C.35)



