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Resumo 

Considerando que a substituição das reservas de óleo e gás na sociedade actual não acompanha a 

crescente procura energética, a indústria está a direcionar os seus investimentos na otimização dos 

campos de óleo e gás e na utilização de métodos EOR para aumentar a recuperação de óleo residual. 

O principal objectivo desta dissertação foi a maximização da recuperação de óleo no sector piloto de 

EOR de um campo no Cazaquistão, num reservatório de época Aptiana. A técnica de produção avaliada 

neste sector foi o esquema de WAG miscível, onde LPG e água são injectados alternadamente através 

de um poço injector central de um esquema 5-spot com produtores nos cantos. LPG é um sub-produto 

resultante do processamento do gás associado do campo. Contudo, dado que não existe mercado local 

para a venda ou consumo do gás, este trabalho teve como finalidade a demonstração dos benefícios 

da injecção de LPG no reservatório de modo a maximizar a recuperação de óleo em vez de utilizá-lo 

para a geração de energia do campo ou qualquer outro uso. 

Para o efeito, um modelo composicional do sector EOR foi construído para prever a produção até ao 

final da licença em 2024. Em primeiro lugar, um modelo do fluido com uma equação de estado ajustada 

foi construído através do PVTi e utilizado para prever como os fluidos se comportam no reservatório. 

De seguida, o modelo composicional do sector foi construído usando um modelo black oil do campo 

inteiro como base de trabalho, incorporando o histórico de produção e o modelo do fluido. Na segunda 

parte desta dissertação, um estudo de optimização das caudais de injecção de LPG e água foi realizado 

utilizando o PSO, um método estocástico de otimização baseado na comportamento social de alguns 

grupos de animais. Os valores ótimos de injeção obtidos foram utilizados para simular diferentes 

cenários de ciclo de WAG e de baixa, média e alta permeabilidade.  

Os resultados das simulações demonstram que a injeção contínua de LPG apresenta uma produção 

mais rápida e uma maior recuperação de óleo quando comparada com a injeção de água ou qualquer 

outro cenário de WAG, até ao final da licença. Porém, apesar da maior recuperação obtida com a 

injeção contínua de LPG, os cenários de WAG sustêm o cuadal de produção durante mais tempo devido 

ao melhor suporte de pressão e maior eficiência de varrimento macroscópico da injeção de água, 

possibilitando maiores recuperações de óleo para depois de 2024. Foi também revelado que a injeção 

contínua de LPG não é muito eficaz depois de alguns anos de produção já que grande parte do óleo 

recuperável entre o injetor e os produtores é produzido e o gás começa a ser produzido para a 

superfície. Por outro lado, alguns cenários WAG, tal como o 4x8, demonstram um uso mais eficaz do 

LPG, evitando o seu desperdício e permitindo a injeção do excedente em mais esquemas 5-spot do 

campo, maximizando assim a recuperação de óleo total do campo. 

 

 

Palavras-Chave: Simulação de reservatórios, simulação composicional, EOR, esquema WAG, PSO. 
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Abstract 

In modern society, energy fossil fuels resources are essential for keeping the standards of living we 

have today. Considering that nowadays the oil and gas reserves replacement is not keeping pace with 

the growing energy demand, the industry is turning its investments in the optimization of the existing oil 

and gas fields and using Enhanced Oil Recovery (EOR) methods to recover more of the residual oil. 

The main goal of this thesis was to maximize the oil recovery of the EOR pilot sector of a field in 

Kazakhstan, of an Aptian age reservoir. The miscible Water Alternating Gas (WAG) injection scheme 

was the production technique evaluated on this sector, where LPG and water are injected alternately 

through a central injector well of a 5-spot pattern with producers in the corners. LPG is a by-product of 

processing the associated gas in the field. However, since there is no local market to sell or consume 

the gas, it was also the aim of this work to demonstrate the benefits of injecting this gas in the reservoir 

to achieve maximum oil recoveries instead of using it for power generation or any other use.  

For this purpose, a compositional model of the EOR sector was built to forecast the production until the 

end of the field’s production license in 2024. First, a fluid model with a tuned equation of state was built 

using PVTi and used to predict how the fluids behave within the reservoir. The compositional sector 

model was built using and converting a previous full field black model, incorporating the history of 

production data and the fluid model. In the second part of this thesis, an optimization study of the LPG 

and water injection rates was performed using PSO, a stochastic optimization method based on the 

social behavior of some groups of animals. The optimum injection rate values obtained were then used 

to simulate different scenarios of WAG cycle and low, mid and high scenarios of permeability. 

The results of the simulations demonstrate that LPG flood shows a faster production and incremental 

recovery over water flood or any other WAG scenario, until the end of license. However, despite the 

higher recoveries obtained with continuous LPG injection, the WAG scenarios help to sustain the 

production rate for much longer because of better pressure support and higher macroscopic sweep 

efficiency of water injection, which might translate in higher oil recoveries for extended production 

license. It was also revealed that sole LPG injection is not very effective after some years of production 

as most of the recoverable oil between the injector and the producers is displaced and the gas has a 

breakthrough in the producer wells. On the other hand, some WAG scenarios, such as the 4x8, make a 

more efficient use of the LPG, avoiding its waste and enabling the injection of the spare LPG in more 5-

spot patterns in the field, maximizing the total field oil recovery. 

 

 

Keywords: Reservoir simulation, compositional simulation, EOR, WAG scheme, Particle Swarm 

Optimization. 
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1. Introduction 

1.1. Motivation 

The main motivation for this thesis came from the opportunity of optimizing an Enhanced Oil Recovery 

(EOR) Miscible Gas Injection (MGI) sector model of a field in Kazakhstan. This project intends to 

evaluate a Water Alternating Gas (WAG) injection pilot program implemented by Partex and its partners 

which has the potential to maximize oil production of in the field sector, and thus, justify its expansion 

field wide for the ultimate oil recovery maximization. The possibility to optimize the Liquified Petroleum 

Gas (LPG) and water volumes injected in the reservoir served as the motivation and basis of this 

optimization study. From now on and due to confidentiality, the field will be referred as ‘Kazakhstan’ 

field. 

1.2. Framework  

Energy resources are essential to mankind. For the last 60 years, oil and gas have played a very 

important role in the worldwide energy consumption and will continue to do so for many years to come. 

Each year, new production is needed to compensate the natural decline of existing wells. According to 

Sarkar (2012), the additional production required to satisfy the yearly demand for hydrocarbon energy 

represents 9% of the worldwide total production. For this growth to be sustainable, a strong focus will 

have to be placed on finding new discoveries and/or optimizing oil production from current resources. 

Considering that the reserves replacement is not keeping pace with the growing energy demand, the 

industry is turning its investments in new technologies which maximize the recovery of hydrocarbons. 

These technological opportunities are the tertiary methods, but before explaining these, a brief 

explanation about the earlier production processes will be provided. 

1.2.1. Background on Primary, Secondary and Tertiary Recoveries 

During the life of an oil field, production process usually goes through three main stages of recovery. 

The primary recovery is the stage whilst the natural reservoir energy is used to displace the 

hydrocarbons. The most important drive mechanisms include the solution gas drive, gas cap drive, water 

drive and gravity drainage. These mechanisms along with the natural pressure difference existing 

between the reservoir and the bottom hole pressure of the production well push the oil from the reservoir 

into the wellbore and up to surface. Artificial lift methods which include pumping systems and gas lift are 

also considered primary recovery and the aim of these techniques is to increase the differential in 

pressure, and so, produce more oil (Alargoni et al, 2015).  
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After the initial stage of production, the effect of the drive mechanisms of gas and water that originally 

forced the oil to surface tends to diminish. Therefore, there is a need to maintain the reservoir pressure 

and to displace hydrocarbons towards the wellbore. This is the main purpose of the secondary recovery 

stage in which an external fluid such as water or gas is injected into the reservoir through injection wells 

to act as an artificial drive to supplement the reservoir energy (Alargoni et al, 2015).  

On average, the worldwide recovery factor from conventional (primary and secondary) recovery 

methods is about 30% of what was originally present in the reservoir. Both of these stages of recovery 

only target mobile oil while the tertiary recovery stage targets the immobile oil (that oil which cannot be 

produced due to capillary and viscous forces). This challenge becomes an opportunity for EOR methods 

or tertiary recovery to achieve ultimate recovery and supply the petroleum in demand for society 

consumption (Kokal & Al-Kaabi, 2010). Tertiary recovery is typically applied to recover the residual oil 

remaining in the reservoir after both primary and secondary recoveries have reached their economic 

limit.  

EOR uses several processes and technologies aimed at increasing maximum recovery by injecting 

appropriate agents usually not present in the reservoir, such as chemicals, solvents, oxidizers and heat 

carriers to induce mechanisms for displacing oil. The EOR methods can be classified in three main 

categories: 

1. Thermal methods – applying heat to the reservoir; 

2. Chemical methods – injection of chemicals/surfactants/alkalis; 

3. Gas injection methods – injection of solvents; 

The main mechanisms of displacement associated with each one of these categories include the 

reduction of oil viscosity (thermal methods), the alteration of capillary and viscous forces between the 

oil, injected fluid, and the rock surface (chemical methods) and the extraction of the oil with a solvent 

(gas injection methods) (Kokal & Al-Kaabi, 2010).  

Besides the methods mentioned above, there are other novel methods which have only been field tested 

without any significant production on a commercial scale or are only at the R&D development stage, 

being microbial injection the only method which has had greater application in the production of oil 

worldwide. 

Figure 1 shows the three main stages of oil recovery explained until now and the corresponding average 

oil recovery factors. It also shows the different groups of EOR methods and the associated techniques 

which are widely used in the industry today.  
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Figure 1 – The different oil recovery stages, the main techniques associated with each stage and the 
corresponding oil recovery factors (Kokal & Al-Kaabi et al, 2010; Alargoni et al, 2015).    

Within the framework of this work, only Miscible Gas injection will be addressed since the EOR pilot 

program of Partex and its partners is related to the optimization of a WAG (Water Alternating Gas) 

injection scheme. 

The gas injection methods are classified as miscible and immiscible methods. The latter entails the 

injection of gas below the MMP (Minimum Miscibility Pressure – minimum pressure at which crude oil 

becomes miscible with the injected gas at the reservoir temperature), maintaining the reservoir pressure 

to prevent production cut-off and therefore increase the rate of production. As for the miscible methods, 

the aim is to inject gases that either are or become miscible with oil under reservoir conditions. MMP is 

a very important factor to take in consideration since the miscible flood only occurs if the reservoir 

pressure is at or above the MMP. A miscible displacement process with oil swelled by gas, maintains 

reservoir pressure and lowers oil resistance to flow through the formation by reducing the IFT (interfacial 

tension) between the two phases and the viscosity of oil. The gases most commonly used in the industry 

under suitable reservoir conditions of temperature and pressure are carbon dioxide, hydrocarbon gases 

and nitrogen (Nwidee et al, 2016; Zeron, 2010). 

The main challenge related to miscible EOR methods is the different mobility of the injected gas 

compared with the mobility of oil caused by the contrast in viscosities of both fluids. This results in an 

unstable front with fingering effects. The most common solution to this problem is the WAG scheme 

already mentioned above, a technique in which gas is injected single or intermittently with water, 

guaranteeing a homogeneous front (Gomes & Alves, 2011; Alargoni et al, 2015).  
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1.2.2. Miscible WAG Scheme Injection of the Kazakhstan EOR Pilot 

The WAG scheme is the technique used in the EOR pilot sector of the Kazakhstan reservoir field, where 

hydrocarbons, namely LPG products such as ethane, propane, or butane, are injected into the reservoir 

to mix with the residual oil and enhance its recovery. This miscibility process is facilitated by the first 

contact miscibility between the gas and the reservoir oil, which means the LPG will be miscible from the 

first contact with the oil. Water is to be injected alternately with LPG to increase macroscopic sweep 

efficiency. 

The main reason why the use of LPG products is generally limited in EOR applications is because they 

have a high demand as a marketable commodity (Alargoni et al, 2015). However, LPG is a by-product 

of processing the associated gas in the Kazakhstan field. From an environmental standpoint, it is not 

appropriate to flare the LPG, and since either there is no local market for the LPG, these hydrocarbons 

are re-injected into the reservoir as an EOR pilot project to ramp up production (LPG Evaluation Report, 

2012). Since December 2009, the entire produced LPG volume has been injected into the EOR sector 

zone through Well-A, an injection well completed for evaluating this pilot program. The field average 

LPG production rate has been around 450 stb/d (stock-tank barrels a day), but has varied depending 

on total field oil production. This production is expected to increase substantially over the years. Some 

optimization studies were made and it was demonstrated the incremental oil recovery of the LPG flood 

over the water flood alone (secondary recovery method used in the entire field). The last LPG evaluation 

study report made in 2012, revealed some optimization opportunities for increased oil recovery, not only 

related to the LPG flood aspect, but also to the water flooding aspect. Sensitivity runs of the same WAG 

case but with twice-higher water injection rate revealed higher oil recoveries. This is due to the benefit 

effects of both microscopic sweep of the LPG flood and the macroscopic sweep of the water flood, over 

a larger area. 

This leads us to the problem of this work: knowing the numerous optimization opportunities regarding 

the EOR pilot of the Kazakhstan field and considering the increasing LPG produced volume, what 

methodology should be approached to optimize the WAG scheme, hence maximize oil recovery of this 

sectorial model, and perhaps, expand its application field wide? 

1.3. Objectives and Methodology 

The main objective of this thesis was to maximize the oil recovery of the EOR sector of the Kazakhstan 

field with the injection of LPG and optimization of the WAG scheme. Previous studies on the field showed 

numerous opportunities related with the optimization of many variables that enhance the residual oil 

recovery. Therefore, an optimization study of the most influential variables was conducted and a novel 

optimization methodology for reservoir dynamic compositional modelling was adopted for some of the 

variables. The project involved various stages: 
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1. Fluid composition model - Matching an equation of state to the field observations and creation 

of compositional PVT (pressure-volume-temperature) parameters for the compositional model 

using Schlumberger’s PVTi package; 

2. Compositional model - Conversion of the full field black oil model to a sector field compositional 

model with data integration from the Operator’s static model (using Petrel®) and incorporating 

history of production data. The fluid composition model is also incorporated in the compositional 

model in this phase using the outputs from PVTi. The software’s used to develop the dynamic 

model with the WAG scheme was Schlumberger’s Eclipse 300®. 

3. Optimization process – Dynamic simulation using PSO (Particle Swarm Optimization), an 

optimization algorithm using Raven by Epistemy followed by other dynamic simulations using 

Eclipse 300 alone. 

1.4. Structure of the Thesis 

Besides the introductory chapter in which the framework and objectives of this work are presented, other 

chapters comprise the body of this document, including: 

Chapter 2: Theoretical Background – The key theoretical concepts necessary to approach the 

problem are introduced. The themes approached in this chapter are the basic mechanisms involved in 

EOR, the description of the WAG technique and its various variables, fluid flow composition basics for 

dynamic simulation comprehension and the algorithm used in the optimization process. 

Chapter 3: Methodology and Workflow – Description of the dataset used for this project related to the 

EOR pilot sector. Explanation of the methodology developed to address the problem of this work, 

including the construction of the models and the optimization process. 

Chapter 4: Results and Discussion – This chapter comprehends the presentation and discussion of 

the produced results.  

Chapter 5: Conclusions and Future Work – Overall view of the work and its results. It is also indicated 

what can be the next steps and the future works. 
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2. Theoretical background 

In this chapter, the basic mechanisms of EOR gas injection that mobilize the oil in a reservoir when an 

injecting fluid gets in contact with it are presented.  

The second section addresses the miscible WAG technique, a popular method of EOR gas injection, 

which includes the process description, its advantages/disadvantages, the factors that influence 

production, literature review and recent screening criteria for LPG injection. 

The third part contains a brief explanation of the fundamental concepts of fluid flow as well as an 

introduction to fluid flow simulation. 

Finally, the last part of this chapter describes the optimization process applied, including a simple 

explanation of the general production optimization practice and, more specifically, of the algorithm used 

in this thesis to optimize, in part, the oil production of the Kazakhstan field. 

2.1. Basic Mechanisms of Gas Injection Enhanced Oil Recovery  

The ultimate goal of gas injection EOR methods is to increase the overall oil displacement efficiency in 

order to increase oil recovery. The main mechanisms which predominantly influence these processes 

are the capillary number (𝑁𝑐) at the microscopic scale and the mobility ratio (M) at the macroscopic scale 

(Nwidee et al, 2016). Both factors will be discussed in this section. 

2.1.1. Capillary Number 

According to Thomas (2008), capillary number represents the relative effect of viscous forces versus 

surface tension acting across an interface between two immiscible liquids. Mathematically, capillary 

number (𝑁𝑐) is defined as: 

 
𝑁𝑐 =

𝑉µ

𝜎
 (1) 

Where 𝑉 represents Darcy’s interstitial velocity of the displacing fluid, µ is the viscosity of the displacing 

fluid, and 𝜎 is the interfacial tension (IFT) between the oil and the displacing fluid. Experience and global 

production history have shown that an important amount of oil is left behind in the reservoir when the 

capillary number is low. Therefore, by reducing the IFT between the oil and displacing fluid (𝜎) and/or 

increasing the velocity of the injected fluid (𝑉) and/or increasing the viscosity of the displacing fluid (µ), 

the capillary number (𝑁𝑐) will increase and the residual oil will be mobilized and recovered (Nwidee et 

al, 2016).  
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In a LPG miscible displacement, the capillary number becomes infinite since there is no IFT between 

the gas and the oil. Under such conditions, the oil flow resistance is lowered and the residual oil 

saturation in the swept zone can be reduced to zero if the mobility ratio is favorable (Morais, 2012). 

2.1.2. Mobility Ratio 

The mobility ratio (𝑀) is defined as the ratio of the mobility of the displacing fluid to the mobility of the 

displaced fluid (Zeron, 2010): 

 
𝑀 =

𝜆𝑖𝑛𝑔

𝜆𝑒𝑑

 (2) 

Where 𝜆𝑖𝑛𝑔 is the displacing fluid mobility and 𝜆𝑒𝑑 is the displaced fluid mobility. In turn, the fluid mobility 

(𝜆) is defined as: 

 
𝜆 =

𝑘

µ
 (3) 

Where 𝑘 is the fluid relative permeability and µ is the fluid viscosity. In an immiscible fluid drainage 

system, such as the injection of water to mobilize oil, the mobility ratio is given as: 

 
𝑀 =

𝜆𝑤

𝜆𝑜

=

𝑘𝑟𝑤
µ𝑤

⁄

𝑘𝑟𝑜
µ𝑜

⁄
=

𝑘𝑟𝑤µ𝑜

𝑘𝑟𝑜µ𝑤

 (4) 

Where 𝜆𝑤 and 𝜆𝑜 are the mobilities of water (displacing fluid) and oil (displaced fluid), 𝑘𝑟𝑤 and 𝑘𝑟𝑜 are 

the relative permeabilities of water and oil, and µ𝑤 and µ𝑜 are the viscosities of water and oil. When the 

mobility ratio is less than one (M<1), the water does not move faster than the oil and the sweep efficiency 

increases as the water pushes the oil front. This piston like movement of the oil results in a favorable 

stability of displacement from the injection wells towards the production wells (Figure 2). In the other 

hand, a large viscosity contrast between the oil and water increases the mobility ratio (M≥1), by which 

the water moves faster than the oil, hence causing a nonuniform displacement front or viscous fingering. 

The effect of fingering is depicted in Figure 3, where it can be seen the channeling of the water, resulting 

in an inefficient sweeping action that can bypass significant volumes of recoverable oil and, in severe 

cases, an early breakthrough of water into adjacent production wells (Zeron, 2010). 
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Figure 2 – Stable displacement front with high sweep efficiency (M<1). 

 

Figure 3 – Viscous fingering effect – Unstable displacement front with low sweep efficiency (M≥1). 

2.1.3. Overall Displacement Efficiency 

The overall oil displacement efficiency is a function of microscopic and macroscopic displacement 

efficiency.  

Microscopic displacement efficiency measures the extent to which the displacing fluid mobilizes the oil 

once in contact with it. This process refers to displacement of residual oil at the pore scale. Microscopic 

efficiency is increased by reducing capillary forces (IFT) between the displacing fluid and the oil or by 

increasing the viscosity of the displacing fluid (Nwidee et al, 2016; Green & Willhite, 1998).  

Macroscopic displacement efficiency or volumetric sweep efficiency, measures the extent to which the 

displacing fluid effectively contacts the oil bearing parts of the reservoir in a volumetric sense and 

displaces the oil toward the production wells. It is influenced by the rock heterogeneities, injection well 

positioning and both displacing and displaced mobility ratios (Nwidee et al, 2016). The volumetric 

displacement efficiency (𝐸𝑉) is given by the product of vertical sweep efficiency (𝐸𝑙) and areal sweep 

efficiency (𝐸𝑎): 

 
𝐸𝑉 = 𝐸𝑙×𝐸𝑎 (5) 

In turn, the mathematical expression of the overall displacement efficiency (𝐸), which translates as 

recovery factor (𝑅𝑓), is given by the following expression: 
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𝑅𝑓 = 𝐸 = 𝐸𝑑×𝐸𝑉  (6) 

Where 𝐸𝑑 is the microscopic displacement efficiency and 𝐸𝑉 is the macroscopic displacement efficiency. 

Overall, the recovery factor of any EOR displacement process can be improved by increasing the overall 

displacement efficiency, either by increasing the capillary number and decreasing the mobility ratio 

(Morais, 2012).  

2.2. Miscible WAG Injection 

In this section, a description of the miscible WAG injection technique and its mechanisms are provided. 

In addition, screening criteria for LPG gas injection are presented and numerous factors that have an 

impact on the WAG technique and its optimization are addressed. Finally, some 

advantages/disadvantages and a brief literature review are also presented at the end of this section. 

2.2.1.     Process Description 

Water alternating gas injection is a combination of two conventional recovery techniques: water flooding 

and gas injection. In this EOR method, water and gas are injected alternately or simultaneously in a 

reservoir through injection wells (Srivastava & Mahli, 2012). 

Figure 4 shows the process of an alternate WAG injection scheme with LPG. In this process, when the 

miscible LPG comes in contact with the oil, it exchanges components at the interface between the two, 

and so the LPG gets heavier and looks more like reservoir oil, and the oil gets lighter and looks more 

like the gas until finally the interface between the two disappears (miscible zone). This mechanism 

reduces the IFT between the fluids to zero since LPG has first contact miscibility with the reservoir oil, 

hence increasing the capillary number and improving microscopic displacement efficiency. Other fluids 

used in miscible gas injection such as CO2 and nitrogen, have multiple contact miscibility with the 

reservoir oil, taking more time to reduce the IFT between the fluids and displace the oil in the reservoir.  
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Figure 4 – WAG injection process (Al Mjeni et al, 2010). 

The compositional exchange between the injected fluid and the reservoir oil also leads to oil swelling 

and oil viscosity reduction. These mechanisms make oil more mobile and its recovery is increased. In 

reservoirs of water-wet rock nature, the residual oil is trapped in the middle of the pores because it has 

lost its flow continuity. Miscible gas injection reestablishes that continuity by creating a new hydrocarbon 

flow path that enables the oil to flow towards the production wells (Touray, 2013). 

As mentioned before, miscible gas injection greatly improves the microscopic sweep efficiency. 

However, it has poor macroscopic sweep efficiency due to the low viscosity and density of the gas which 

results in viscous fingering and gravity override effect, leaving regions of residual oil behind the 

displacement front. In contrast, water injection is less subject to gravity segregation and frontal 

instabilities when compared with gas, leading to a more stable displacement front. After the miscible 

gas flood, water is usually injected to push the remaining gas out of the reservoir and slows down the 

gas to reduce viscous fingering effect. So, the volumetric sweep efficiency with water injection is higher 

but, on the other hand, the residual oil saturation after water flooding is relatively high since it does not 

displace oil (microscopically) as well as the gas. Therefore, WAG injection combines the benefits of the 

increased microscopic displacement by gas injection and improved macroscopic sweep efficiency by 

water flooding. Furthermore, the injection of water in a WAG scheme reduces the volume of gas that 

needs to be injected into the reservoir, thus improving the economics of the process since water is 

relatively cheap. The WAG technique is usually done in consecutive cycles to achieve maximum 

recovery (Al-Shuraiqi et al, 2003; Touray, 2013). 

2.2.2. Screening Criteria for LPG Gas Injection 

Before applying a miscible WAG injection project, screening criteria by oil and reservoir properties must 

be used to analyze the feasibility of its implementation. To achieve project success, Kang et al (2016) 
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proposed a screening criterion for LPG injection based on the main characteristics of reservoirs (Table 

1). 

Table 1 – Screening criteria for the LPG miscible injection process (P. Kang et al, 2016). 

Parameters EOR Screening Criteria 

Oil Viscosity (cP) ≤ 42.0 

Oil Gravity (°API) ≥ 24.0 

Oil Saturation (%) ≥ 25.0 

Reservoir Pressure ≥ MMP 

Reservoir Permeability Homogeneous Preferred 

Reservoir Net Thickness Thin Unless Dipping 

 

LPG miscible application to high oil viscosity fields (>42.0 cP and <24.0 °API) is unlikely to succeed but 

the miscibility mechanism can reduce oil viscosity and some reservoir fields have reported success 

under this condition (Kang et al, 2016).   

To achieve miscibility, a minimum depth set by the reservoir pressure is needed to maintain the 

generated miscibility between the gas and the oil. Therefore, the reservoir pressure must be higher than 

MMP (Kossack, 2013). 

Regarding reservoir permeability, although a homogeneous reservoir is a better LPG injection target 

than a heterogeneous reservoir due to gas channeling, some cases such as the Ekofisk (naturally-

fractured reservoir) and Snorre (high-permeability contrast) fields in Norway have proven to be 

successful with WAG technique. The homogeneous reservoirs are preferred but not mandatory (Kang 

et al, 2016). 

Another important criterion to be considered is the dipping of the reservoir structure. In steeply dipping 

structures, a gravity-stable displacement is created and the overall displacement efficiency is increased. 

In contrast, gravity override often occurs in flat-lying thick reservoirs even when water is injected to help 

stabilizing the displacement front (Kang et al, 2016). 

2.2.3. Factors Influencing WAG Scheme Design 

As an EOR method, the success of WAG injection depends on many factors. When designing a WAG 

scheme, many reservoir characteristics and fluid properties must be taken into consideration in order to 

optimize its implementation. These factors include the reservoir heterogeneity, petrophysical properties, 

fluid properties, rock-fluid interaction, availability and composition of injection gas, WAG ratio, injection 

pattern, injection/production pressure and rates, WAG cycle time and time to initiate WAG. 
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2.2.3.1. Reservoir Heterogeneity and Petrophysical Properties 

One of the main reasons why most of EOR projects fail is due to reservoir heterogeneity. This variation 

in reservoir properties as a function of space is different between every reservoir in the world and there 

is always a level of uncertainty associated with the quality of the data used as input in the dynamic 

simulators (Donaldson et al, 1989). It is essential to have the best possible understanding of how well 

the layers of the reservoir communicate with each other. Overall displacement efficiency depends on 

the reservoir size, shape and properties heterogeneity as these must be considered before embarking 

on any EOR project to effectively recover the residual oil from the reservoir (Touray, 2013). 

In a WAG scheme, the presence of layers with different permeabilities affects the recovery of residual 

oil by the injected water and gas. Layers with higher values of horizontal permeability will be preferential 

channels for the flow of the sweeping fluids while other low permeability regions with high saturations of 

residual oil may stay unswept. Low vertical permeability reservoirs with thin shale deposits separating 

reservoir layers have low gravity segregation, and thus, have higher sweep efficiencies since they 

prevent the injecting fluids from crossing over to the most permeable layers. Other petrophysical 

properties that affect the WAG injection process are porosity, reservoir pressure, fluids saturations and 

rock wettability (Foroozanfar & Aminshahidy, 2013; Sarkar, 2012). 

2.2.3.2. Fluid Properties and Rock-Fluid Interaction 

Fluids are generally characterized by compositional PVT properties determined by standardized 

laboratory procedures. Viscosity is one of the most important fluid properties, which is measured with 

precision in the laboratory and taken into consideration when designing a WAG project because it 

controls the flow of fluids in the reservoir. Low viscosity fluids flow much easier in porous media than 

heavy and viscous fluids (Sarkar, 2012). However, the prediction of PVT and rock-fluid properties such 

as viscosity, wettability and relative permeability is always associated with a certain level of uncertainty 

due to heterogeneous nature of the reservoirs and difficulties in obtaining representative sampling. 

Samples used in the experiments are taken from different sites within the reservoir and return different 

values which may not represent a general characteristic of the reservoir. This phenomenon becomes 

even more complex when the prevailing conditions within the reservoir change as a result of undergoing 

processes (Morais, 2012, Zahoor et al, 2011). 

2.2.3.3. Availability and Composition of Injection Gas 

When designing a WAG scheme, the availability of gas, in terms of quantity and composition, must be 

taken into consideration. In many offshore EOR reservoir fields, the produced gas is separated from oil 

and it is re-injected during the WAG process, improving the recovery of residual oil and promoting less 

expense (Foroozanfar & Aminshahidy, 2013). According to Jensen et al (2000), although CO2 WAG 

yielded higher incremental oil recovery for the offshore Ekofisk reservoir field, hydrocarbon gas injection 
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was suggested considering that there was no CO2 supply near the field. Gas composition is also a crucial 

factor because it determines how easily the injected gas will be miscible with reservoir oil under the 

prevailing conditions of pressure and temperature (Zahoor et al, 2011). 

2.2.3.4. WAG Ratio and WAG Cycle 

WAG ratio is defined as the ratio of injected water volume over injected gas volume. For instance, if a 

WAG ratio of an EOR process is 2:4, it means that water is injected continuously in the reservoir for 2 

months followed by an injection period of gas for 4 months, considering the same injection rates for both 

fluids and using a WAG cycle of months as units. Considering that the performance of any WAG scheme 

depends strongly on the distribution of permeability, the optimal WAG ratio and WAG cycle are reservoir 

dependent, and thus, optimization is vital in order to achieve ultimate recovery. If too much water is 

injected compared to gas, oil will be trapped by water blocking and it will negatively impact the 

microscopic sweep efficiency. On the other hand, if too much gas is injected it will result in poor 

microscopic sweep efficiency with the channeling of the solvent though the most permeable channels. 

Other factor such as rock wettability and fluid viscosities must also be taken into consideration when 

optimizing WAG ratio. A WAG ratio of 1:1 is the most commonly used in field applications. Surface 

facilities costs, like compressors and pumps, which are needed to inject the fluids in the reservoir at the 

desired pressures also strongly influence the WAG ratio due to economic constraints (Morais, 2012, 

Zahoor et al, 2011). 

The WAG cycle time (switch from water to gas) must also be considered when designing a WAG 

scheme. In general, if everything else remains the same, the more WAG cycles applied, the higher 

recovery of the oil from the reservoir is obtained (Touray, 2013). 

2.2.3.5. Injection/Production Pressure and Rates 

Production performance of a WAG process is highly affected by the production and injection well rates. 

Simulation studies made by WU et al (2004) showed that the bottom hole pressure (BHP) of the producer 

well should be a little less than the bubble point pressure to achieve maximum oil recovery. For instance, 

if BHP is much lower than the bubble point pressure, the gas breakthrough occurs very early, which 

leads to the decline of oil production. The production and injection pressure lower limit should be the 

MMP to develop miscibility and displace the oil. Furthermore, the upper limit of displacement pressure 

should not overcome the formation fracture pressure. The optimum injection/production rates should be 

within these pressure limits (Morais, 2012). 

2.2.3.6. Injection Pattern 

The injection pattern is another important factor that strongly affects the sweep efficiency of residual oil. 

In general, the smaller the distance between the injector and the producer well, the higher is the recovery 
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factor. The 5-spot injection pattern (square of four injection/production wells located at the corners with 

an injection/producer well in the middle) with close well spacing is often used in onshore locations 

because of the better control on frontal oil displacement. However, before selecting the injection pattern 

for an offshore field, careful considerations must be taken due to economical and geological constraints 

related to the high costs associated with drilling offshore wells (Stenby, 2013; Sarkar, 2012). 

When designing the injection pattern, the orientation of the wells is also an important parameter to 

consider. Combination of vertical producers with horizontal injectors has been proven to be a better 

option to increase oil recovery in many EOR reservoir fields (Stenby, 2013). 

With the advances in computer simulation technology, various scenarios with different injection patterns 

can be generated, and so, optimum location and orientation of wells can be selected and analyzed to 

improve oil recovery (Morais, 2012).  

2.2.3.7. Time to Initiate WAG Process 

According to X. WU et al (2004), WAG injection should be initiated as early as possible in the reservoir 

development. According to this author, simulation results concluded that starting the WAG process at 

the beginning of the reservoir development cycle maintained the average reservoir pressure and lead 

to a slight incremental cumulative oil recovery when compared with initiating WAG after primary and 

secondary oil recoveries. 

2.2.4. Advantages/Disadvantages  

Like any other EOR technique, miscible WAG injection presents both advantages and disadvantages. 

The main benefits include (Nwidee et al, 2016): 

• Control in mobility of gas, reducing the viscous fingering effect; 

• Increase in overall displacement efficiency; 

• Reduction in residual oil saturation and improved oil recovery; 

• Increased oil production rate; 

• Less quantities of expensive gases are needed when compared to gas injection alone; 

• Cost effective when compared with most EOR methods. 

Regarding the disadvantages, miscible WAG technique has some limitations, namely (Nwidee et al, 

2016; Christensen et al, 2001): 

• High operational costs with gas compression; 

• Failure in miscibility may occur if pressure is not at or above the MMP; 

• Complexity in operations may still lead to gravity override which leads to mobility driven 

instabilities associated with the gas flood process (Figure 5); 
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• Operational problems related to corrosion of injection and producing wells (in CO2 case), loss 

of injectivity, asphaltene and hydrate formation; 

• Difficulties in controlling early gas breakthrough; 

However, most of the reported operational problems found in the literature have been mitigated by good 

management and correct operational procedures. Nevertheless, these procedures require close 

monitoring and constant update and are a part of the daily routine for the operators. 

 

Figure 5 – Schematic of the gravity segregation effect with injected gas going to the top of the reservoir and injected 
water going to the bottom, leaving the middle part of the reservoir unswept. 

2.2.5. WAG Projects Worldwide 

The most recent literature review of WAG projects worldwide was made by Christensen et al (2001). A 

total of 59 fields were reviewed, including miscible and immiscible WAG injection, using different types 

of displacing gases, such as hydrocarbons, carbon dioxide and nitrogen. In this study, a common trend 

of an increase of oil recovery in the range of 5% to 10% of the original oil in place was identified. Some 

fields even reported an increase of 20% of oil recovery by WAG injection alone. The average improved 

recovery was calculated to be 9.7% for miscible WAG injection and 6.7% for the immiscible WAG 

injection.  

Since its first application on North Pembina field in Alberta, Canada (1957), the popularity of the WAG 

process is evident from the increasing number of projects and many successful field wide applications. 

USA has the largest share of WAG applications of 62.7%, followed by Canada at 15.3%. Miscible gas 

injection projects contribute about 40% of the total EOR production of the USA and almost 80% of the 

WAG flood projects in this country are reported as an economic success. In terms of injected gases, 
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CO2 floods lead the WAG application with a share of 47% of total projects, closely followed by 

hydrocarbon gas at 42% (Kulkarni, 2003). 

2.3. Reservoir Simulation 

Reservoir simulation is a computer run of a reservoir model used to simulate the flow of fluids in porous 

media within the reservoir and from the reservoir. These dynamic reservoir simulators are built on static 

reservoir models that include the petrophysical characteristics required to understand the behavior of 

the fluids over time. In reservoir engineering, fluid flow simulators are used to predict future reservoir 

performance, study and optimize different production scenarios, make economic project analysis and 

plan reservoir management. In the oil industry, there are two types of simulators: Black Oil and 

Compositional (Oluwatosin, 2015). 

In the first part of this section, fundamental concepts used to describe the flow of fluids in a porous 

matrix are approached. In the second part, numeric simulators are addressed with a comparison 

between Black Oil and Compositional fluid flow simulators. 

2.3.1. Fundamental Concepts of Fluid Flow 

Usually, a general mathematic description of fluid flow in a porous media can be obtained with the 

following fundamental concepts: 

1. Material Balance Equation; 

2. Darcy’s Law; 

3. Equation of State. 

2.3.1.1. Material Balance Equation 

In any type of flow (fluids, heat, electricity), a material balance equation must be taken into consideration. 

This equation simply states that no mass can be created nor destroyed as it is conserved along the 

process. Generally, material balance is defined as: 

 
𝑀𝑎𝑠𝑠 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 − 𝑀𝑎𝑠𝑠 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑀𝑎𝑠𝑠 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 (7) 

In reservoir engineering, the material balance states that the volume of a reservoir (defined by the initial 

geometrical limits) is constant, thus the sum of volume variations of oil, gas cap and water must be zero. 

For instance, if a reservoir is producing oil and gas, the decrease in volume of these two fluids must be 

compensated and balanced with the same increase in water volume. Therefore, material balance relates 

the produced volumes of oil, gas and water, the average pressure in the reservoir, the volume of water 



17 
 

influx coming from the aquifer and the initial volumes of oil and gas within the reservoir. Through material 

balance, reservoir pressures measured over time can be used to estimate the volume of hydrocarbons 

in place (Costa e Silva, 1997). 

2.3.1.2. Darcy’s Law 

The material balance equation is a very important tool in the control of the behavior of reservoirs but it 

does not account for the movement of fluids within the reservoir. The Darcy’s law is the fundamental law 

used to describe the dynamic flow of fluids in a porous media. It was formulated by Henry Darcy based 

on the results of experiments on the flow of water through beds of sand. The Darcy’s law describes the 

relationship between flow rate and pressure differential when an incompressible fluid flows through 

porous medium of length, 𝐿, and cross-sectional area, 𝐴 (Touray, 2013). Its mathematic expression is: 

 
𝑄 =  

𝑘𝐴

µ

𝛥𝑝

𝐿
 (8) 

Where 𝑄 is the flow rate through porous media (cm3/s), k is the permeability (D), µ is the flowing fluid 

viscosity (cp), 𝛥𝑝 is the change in pressure over the media (atm/cm), 𝐿 is the length of the porous media 

(cm) and 𝐴 is the cross-sectional area across which flow occurs (cm2). The flow rate is directly 

proportional to the pressure differential and inversely proportional to viscosity of the fluid.  

Darcy’s law applies only to laminar and steady-state flow with incompressible fluids. It is not applied to 

turbulent flows where the pressure differential increases faster than the flow rate. Fortunately, with 

exception of the production and injection flows near the wells, most of reservoirs have a steady-state 

flow and thus, Darcy’s law is valid. It is a statistics law which provides the average behavior of most 

porous media (Costa e Silva, 1997).  

2.3.1.3. Equations of State 

Equations of state are also used to derive other equations which regulate the flow of fluids and to 

calculate fluid properties. The equation of state is an analytic expression relating pressure to 

temperature and volume. In general, fluid flow in reservoir engineering is considered to be isothermal, 

and so, the equation of state only depends on pressure. The earliest equation of state was the ideal gas 

law, defined as (Costa e Silva, 1997): 

 
𝑃𝑉 = 𝑛𝑅𝑇 (9) 

Where 𝑃 is the pressure of the gas, 𝑉 is the volume of the gas, 𝑇 is the absolute temperature of the gas, 

𝑅 is the ideal gas constant and 𝑛 is the amount of substance, in moles, of gas. However, over the range 

of conditions encountered in oil field applications, other gases with different behaviors from the ideal 
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gases are found. The ideal gas law is extended to real gases by inserting a compressibility factor, the 𝑍 

factor. This equation is called the real gas law and it is defined as: 

 
𝑃𝑉 = 𝑛𝑍𝑅𝑇 (10) 

The 𝑍 factor is a pressure correction value used to account for the deviations between the real gases 

and the equation of the ideal gases. The 𝑍 factor is calculated as a function of pressure in isothermal 

conditions. The real gas law is the most basic equation of state applied in the oil industry for applications 

where the prediction of changes of state are not important, making it possible to relate the volume of a 

real gas at one set of temperature and pressure conditions to another set (Costa e Silva, 1997).  

To model the phase behavior of real fluids, attractive and repulsive forces between molecules must be 

taken into consideration. Numerous attempts have been made since the 19th century to modify the ideal 

gas equation of state and account for the deviations in behavior between ideal and real gases. The first 

equation of state created to address this issue was the Van der Waals (1873) equation with 2 constants: 

 
(𝑃 +

𝑎

𝑉2
) (𝑉 − 𝑏) = 𝑅𝑇 (11) 

Where parameter 𝑎 was introduced to account for the attractive force between molecules, and the 

parameter 𝑏 to account for the finite (non-zero) volume of molecules. The values of these constants are 

specific to each gas. However, the main disadvantage of this equation is that the pressure range values 

in which it is applied are still far away from the high-pressure values found in oil reservoirs. Other 

sophisticated equations with 2 or more constants (Beattie-Bridgeman, Redlich-Kwong, Zudkevitch-Joffe, 

among others) have been developed throughout the last centuries to cope with this issue and significant 

improvements have been made. One of the most accepted and used equations of state in the industry 

is the Peng-Robinson (1976), defined as: 

 
𝑃 =  

𝑅𝑇

(𝑉 − 𝐵)
−

𝑎

𝑉(𝑉 + 𝑏) + 𝑏(𝑉 − 𝑏)
 (12) 

This equation is a significant improvement in determining the 𝑍 factor, and consequently, predicting the 

liquid properties more accurately. The selection of the appropriate equation of state to each reservoir 

depends on the type of fluid. Since every hydrocarbon fluid is different, the equation of state can only 

predict properties according to the average properties that is has been given. Before valid predictions 

are made, these properties must be tuned to match the laboratory observations (Costa e Silva, 1997; 

PVTi Reference Manual, 2008; ECLIPSE 300 Reference Manual, 2015). 
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2.3.2. Fluid Flow Simulators 

Fluid flow simulators are software programs that allow the simulation of fluid flow in porous media. These 

numeric simulators allow the user to break down the reservoir into a grid of blocks characterized by 

different petrophysical properties and analyze the fluid flow from block to block (Figure 6). This flow is 

ruled by the material balance equation and the Darcy’s law. The basic process of simulation calculates 

both equations for every block in the grid simultaneously and over consecutive time steps. Both black 

oil and compositional simulators solve multiphase (oil, water and gas) and multidimensional (x, y and z) 

flow equations for fluids whose properties depend on pressure. Generally, the simulators are also 

calibrated using pressure and production data in a process referred to as “history matching” (Costa e 

Silva, 1997; Pinto, 2014).  

 

Figure 6 – Example of a reservoir grid with different fluid regions: gas cap (blocks in red), reservoir oil (blocks in 
green) and water aquifer (blocks in blue) (Caetano et al, 2015). 

In the following section, a simple and practical comparison between black oil and compositional 

simulators will be given. Since the problem of this thesis was dealt with a compositional fluid flow 

simulator, this section also aims to point out the advantages and disadvantages of this type of numeric 

simulation. 

2.3.2.1. Black Oil vs Compositional Simulation 

In a black oil simulator, water, oil and gas phases are the only “pseudo-components” considered in the 

simulations whereas in compositional simulation, the oil and gas phases are represented by different 

amounts of the same components (methane, ethane, propane, butane and so on).  

Considering a live oil, in a black oil simulator, the dissolved gas has the same physical properties as the 

free gas in contact with the oil and the injected gas if there is any. In the case of rich gas or a gas 



20 
 

condensate, the gas phase also contains some vaporized oil ‘components’ which also have the same 

physical properties has the liquid oil in the rest of the pore volume. As for the compositional model, this 

is easily understood with the example of the liberation of gas by an oil phase: oil loses mass as gas is 

continuously liberated, but the overall mass of, for instance, methane is maintained, as the sum of 

masses of this component in both phases is also maintained. Therefore, in compositional simulation, 

the mass of the various phases may vary in a time step but the mass of components is maintained. In a 

live reservoir oil scenario, the free gas can be 70% methane whereas the oil phase could be only 20% 

methane. Nevertheless, the physical properties of both fluids will be different (Pinto, 2014). 

In a black oil model, the physical properties of oil and gas are only a function of pressure. Therefore, the 

only input for simulation is a table of each physical property, such as density and viscosity, versus 

pressure. However, in a compositional model, the physical properties are calculated for every time step 

as a function of pressure and composition. Firstly, the number of phases present at the given pressure 

and temperature must be determined in a process called Flash calculation. This calculation is based on 

the Rachford-Rice equation: 

 
∑

𝑍𝑖(𝐾𝑖 − 1)

1 + 𝑉(𝐾𝑖 − 1)

𝑁

𝑖=1

= 0 (13) 

Where 𝑍𝑖 is the total number of moles of the 𝑖 component, 𝐾𝑖 is the 𝐾-value for the 𝑖 component (relative 

concentration of moles in each phase) and 𝑉 is the unknown vapor molar fraction. If there is a single 

phase, then its composition is known and its properties can be calculated. If there are both oil and gas 

phases, the fraction of each phase is determined and the composition of each phase is calculated. Given 

these compositions it is then possible to calculate the physical properties of the oil and gas calibrating 

an equation of state to the PVT laboratory observations (PVTi Reference Manual, 2008).  

The key difference between black oil and compositional simulation is the PVT description of the fluid. In 

a black oil model, we can fully describe the fluid properties with a table of property versus temperature 

while in compositional model we need to solve a flash equation and an equation of state for every time 

step. Despite these differences, both simulators are used with the same main objective: to increase the 

net value of hydrocarbon recovered from the reservoir (PVTi Reference Manual, 2008).  

2.3.2.2. Advantages and Disadvantages of Compositional Simulation 

Compositional fluid flow simulators provide a better description of reservoir processes in a number of 

situations where black oil fluid flow simulators do not. For instance, compositional simulation must be 

used for EOR processes that involve a miscible displacement or in cases where gas injection/re-injection 

into an oil produces a large compositional change in the fluids. With compositional simulation, it is also 

possible to account for the effects of composition on (PVTi Reference Manual, 2008; ECLIPSE 300 

Reference Manual, 2015): 
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• Phase behavior; 

• Multi-contact miscibility; 

• Immiscible or near-miscible displacement behavior in compositionally-dependent mechanisms 

such as vaporization, condensation and oil swelling; 

• Composition-dependent phase properties such as viscosity and density on miscible sweep-out; 

• Effect of IFT on residual oil saturation. 

This allows us to forecast more effectively the production scenarios of a reservoir, hence helping the 

reservoir management and production planning. Despite these clear advantages, compositional 

simulation is much more complex than black oil simulation because it involves the calculation of fluid 

properties for the flow equations at every time step while a black oil simulator simply reads them from 

input tables. Furthermore, when using compositional simulators there are also more equations to solve 

because there are more components, and thus, more variables to consider than in the black oil model 

case. Therefore, computing time is one of the main reasons why reservoir engineers are sometimes 

reluctant to run compositional models. With the evolution of computer technology and software programs 

this is less than an issue but it is still true that running a multi-component simulation will take more time 

than a black oil simulation (PVTi Reference Manual, 2008; ECLIPSE 300 Reference Manual, 2015). 

2.4. Optimization 

The optimization strategy for hydrocarbon production has always been one of the most important issues 

on reservoir management. In most cases in the oil industry, the main goals of the optimization process 

are the maximization of oil production and net present value (NPV). In the past, optimal settings of the 

optimization parameters were almost exclusively determined manually. In general, this is a time-

consuming procedure with a high likelihood of obtaining suboptimal results. However, due to the maturity 

of most existing major oilfields and gradual decrease in large oil discoveries, the industry is looking for 

more systematic optimization approaches. Most of the advances made so far are related to water 

flooding recovery processes, existing already a broad number of optimization techniques for this 

purpose (Oluwatosin, 2015). In the first part of this section, the main elements of a production 

optimization for an oil field problem will be addressed. In the second part, the particle swarm optimization 

(PSO) algorithm will be addressed, which was the systematic optimization technique used for the 

optimization of some variables of this work, with oil recovery as the objective function. 

2.4.1. Production Optimization 

The main elements of a production optimization problem are as follows: 

1. Objective function – The quantitative measure of the reservoir production performance to be 

maximized or minimized. The cumulative oil production is the objective function to be maximized 
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in this work. Other quantitative measures such as the least square error function are also used 

as objective functions in history matching problems; 

2. Variables – Optimization parameters that can be perturbed by the user. The objective function 

is dependent on these control parameters (WAG ratio, injection rates, composition of the 

injected gas and so forth); 

3. Constraints – Set of equalities/inequalities (restrictions) that variables must satisfy.  

The optimization process is generally defined as maximizing/minimizing (depending on the goal) the 

objective function by manipulating the variables subject to the constraints. A feasible solution that 

maximizes (or minimizes, if that is the goal) the objective function within the given constraints is called 

an optimal solution.  

The optimization algorithms are generally iterative processes that start from an initial point and finish 

when an optimal solution has been reached or after a given number of iterations. Two properties that 

determine the effectiveness of an optimization process are robustness and efficiency. An optimization 

algorithm is robust when it performs on a wide variety of problems in its class, for all reasonable values 

of the starting point. The optimization method is efficient when it does not require excessive computer 

time or storage (Onwunalu, 2011).  

The optimization algorithms can be globally classified in deterministic and stochastic search methods. 

In deterministic optimization, the algorithms always converge to the same optimal value or point if they 

start from the same initial solution with the same settings (perturbation size), and thus, these methods 

are initial guess dependent. On the other hand, stochastic search methods use randomly generated 

values for the initial solutions and, if the procedure runs long enough, the global optimum is reached 

eventually. The stochastic optimization algorithms explore a wider solution span and every optimization 

parameter combination has a nonzero chance of repeating. Depending on the type of problem, some of 

the optimization techniques perform better than the others in terms of efficiency and robustness. The 

stochastic algorithms typically require many function evaluations and do not guarantee a monotonic and 

continuous improvement of the objective function. Several computational aspects of optimization 

algorithms must be considered while making comparative studies and selecting a suitable technique for 

practical reservoir applications (Oluwatosin & Durlofsky, 2011).  

When optimizing the production of an oil field, different models related with various stages of production 

(from the reservoir to sales) are required for the field development plan. The integrated production 

optimization process includes: reservoir models, well models, production and pipeline network models, 

process facility models and economic models. Reservoir optimization is related to projects that address 

the optimization of a recovery process using only subsurface reservoir models to simulate, predict and 

optimize the production performance for maximization and/or minimization of parameters based on the 

selected objective function. In the oil industry, “production optimization” is mostly used as a substitution 

for “reservoir optimization” since it is a more general term. Many studies have used the reservoir models 

to maximize field oil recovery without the integration of surface facility models (Gomes & Alves, 2012). 
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This is also the case for this work, where a singular optimization technique was used to optimize the 

production at a subsurface level. 

2.4.2. Particle Swarm Optimization Algorithm 

Particle Swarm Optimization (PSO) is a stochastic optimization method developed in 1995 by Eberhart 

and Kennedy based on the social behaviors of groups of animals that do not have a leader in their group 

or swarm, such as bird flocking and fish schooling. It is a simple algorithm to implement which has been 

successfully used as a highly efficient optimizer in numerous areas, including in reservoir engineering 

applications such as history matching and production optimization (Rini et al, 2011). 

In the beginning, Eberhart and Kennedy started developing computer software simulations of birds 

flocking around food sources, however, they also realized how well their algorithm worked on 

optimization problems. In PSO technique, simple software agents, called particles, move in the search 

space of an optimization problem. The position of a particle represents a candidate solution to the 

problem at hand. Each particle flies through the problem search space to find better positions by 

changing its velocity and maintaining a memory of the previous best position. 

If we imagine a flock of birds circling over an area where they can smell a hidden source of food, the 

bird who is closest to it chirps the loudest and the other birds will swing around in his direction. If any of 

the other circling birds comes closer to the target than the first, it will again chirp louder and the others 

will fly towards it. This pattern continues until finally one of the birds stumbles upon the food (Onwunalu 

& Durlofsky, 2011). 

The PSO algorithm keeps track of three global variables: 

• Target value or condition; 

• Global best (gBest) value indicating which particle’s data is currently closest to the target; 

• Stopping value indicating when the algorithm should stop if the target is not found. 

Regarding the particle, the main variables are: 

• Data representing a possible solution; 

• A velocity value indicating how much data can be changed; 

• A personal best (pBest) value indicating the closest the particle’s data has ever come to the 

target. 

In the flocking birds example, the target is the hidden food, the particle’s data would be the X, Y and Z 

coordinates of each bird and the gBest value would be the individual coordinates of the bird which is 

closest to the food’s coordinates. The pBest value only indicates how close each bird has ever come to 

the target since the PSO algorithm started. The gBest value only changes when any particle’s pBest 
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value comes closer to the target than gBest. Through each iteration of the algorithm, gBest gradually 

moves closer and closer to the target until one of the particles reaches the target. 

The update velocity for each particle is given by: 

 
𝑣𝑖

𝑘+1 = 𝑤𝑣𝑖
𝑘 + 𝑐1𝑟1𝑥(𝑝𝐵𝑒𝑠𝑡𝑖

𝑘 − 𝑥𝑖
𝑘) + 𝑐2𝑟2𝑥(𝑔𝐵𝑒𝑠𝑡𝑘 − 𝑥𝑖

𝑘) (14) 

Where 𝑥𝑖
𝑘 is the current particle 𝑖 position at iteration 𝑘; 𝑤 is the inertial weight which influences the 

convergence of the algorithm; 𝑝𝐵𝑒𝑠𝑡𝑖
𝑘 is the pBest of the particle 𝑖; 𝑔𝐵𝑒𝑠𝑡𝑘 is the global best of the entire 

group at iteration 𝑘, 𝑟1 and 𝑟2 are random vectors with each component corresponding to an uniform 

random number between 0 and 1, 𝑐1 is a weighting factor, the cognition component and represents the 

acceleration constant which changes the velocity of the particle towards 𝑝𝐵𝑒𝑠𝑡𝑖
𝑘; and 𝑐2 is a weighting 

factor, the social component and represents the acceleration constant which changes the velocity of the 

particle towards 𝑔𝐵𝑒𝑠𝑡𝑘 . The velocity value is calculated according to how far a particle’s data is from 

the target. The further it is, the larger the velocity value. In the birds’ example, the individuals furthest 

from the food would make an effort to keep up with the others by flying faster toward the gBest bird. 

The update position for each particle is given by the previous position added to the particle’s velocity: 

 
𝑥𝑖

𝑘+1 = 𝑥𝑖
𝑘 + 𝑣𝑖

𝑘+1 (15) 

In summary, the PSO algorithm can be explained in the following steps (Marques, 2015): 

1. A population of particles is randomly placed in the search space. A random velocity is allocated 

for each particle; 

2. At each iteration, the fitness of each particle is evaluated; 

3. For each particle, update the position and value of pBest value. If the current fitness value of 

one particle is better than the pBest value, then we store and replace the pBest value and the 

current position by the current fitness value and position; 

4. Update the current global fitness value and the corresponding best position gBest across the 

entire population pBest; 

5. Update the velocity for each particle according to equation (14) and update the position for each 

particle using equation (15); 

6. Repeat steps 2-5 until a stopping criterion is met, for instance, a maximum number of iterations 

is reached or a pre-defined fitness value. 

In a reservoir optimization problem, the target/objective function would be the cumulative oil production 

and the particle’s data would be any of the WAG design optimization variable values mentioned in 

section 2.2.3 (WAG cycle time, injection pressure, etc). 
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3. Methodology and Workflow 

As stated in previous chapters, the maximization of oil recovery in the EOR-WAG pilot sector of the 

Kazakhstan field was the main objective of this thesis. To achieve this goal, an optimization study of 

some of the most influential variables in a WAG scheme design was conducted. This chapter is divided 

in three main sections. 

In the first section, a brief description of the Kazakhstan field is given, including a geological description, 

a summary of the field development and other general information about the field. Also, a description of 

the EOR pilot sector together with the history of its implementation is also presented. 

In the second part, the methodology for building the fluid composition model is addressed. In this section, 

an equation of state was matched to the field observations to create the necessary PVT inputs for the 

initialization of the dynamic compositional model. 

In the third section, the methodology used for the creation of the compositional model for the EOR pilot 

sector is explained. The workflow of the optimization process used in this study is also addressed here. 

The main references used as a basis of the methodology and workflow of this thesis were the Field 

Development Plan (FDP) from 2014 and the Report for the Evaluation of the LPG Injection (Miscible 

Flood) in the Kazakhstan reservoir from 2012. The information provided by these references was used 

to write this chapter unless stated otherwise. The original names of the wells, companies and some 

reservoir characteristics are not presented in this work due to confidentiality. 

3.1. Kazakhstan Field Overview 

Kazakhstan is an onshore oil producing field situated close to the coast of the Caspian Sea and 

approximately 50 km north of the city of Aktau in the Mangistau Oblast, western Kazakhstan (Figure 7). 

The structure is defined by a low relief anticline with an areal extent of some 100 km2 and the main 

reservoir is the Lower Cretaceous Aptian fluvio-deltaic sandstone. The field was first discovered in 

February 1966 and the first commercial oil flow from the Aptian reservoir started in June 1968. According 

to the reserves update report issued in January 2013, around 675 MMSTB (millions of stock-tank 

barrels) of oil and 7.231 mln. m3 of gas were the estimated hydrocarbon in-place. The peak of total oil 

production is expected to be around 35.000 bopd (barrels of oil per day). 

The Kazakhstan field is currently operated under the terms of a production sharing agreement (PSA). 

The first operator of the field, signed the Kazakhstan PSA with Kazakhstani authorities in 1994. This 

company farmed out the operatorship and 50% of their interest in Kazakhstan field went to Partex Oil 

and Gas in 1998. Finally, in August 2001, the Kazakhstani authorities approved the change of 
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operatorship to another company, with Partex keeping 20% each under the PSA. The production license 

is valid until 2024. 

 

Figure 7 – Kazakhstan Field geographical location (Cazier et al, 2011). 

3.1.1. Geology Description 

The field is located in the western portion of the South Mangyshlak basin. Unlike most reservoirs in this 

region, the field is a Cretaceous oil reservoir in a province of mainly Jurassic oil and gas reservoirs, 

making it unique. These Lower-Middle Jurassic reservoirs in the South Mangyshlak basin are located in 

structural traps on the Zhetybay step, a northwest/southeast-trending regional culmination related to 

inversion of the basin during Miocene geological epoch. The field is found on the northwestern plunge 

of this structural complex. An effective Upper Jurassic seal which exists over much of the basin prevents 

vertical migration of oil and gas into younger rocks. However, this seal is absent in the northwestern 

portion of the basin, and oil and gas have migrated upward through this interval to the Cretaceous 

reservoirs in the Kazakhstan field (Cazier et al, 2011).  

The main reservoir of the field and the subject of study is the Lower Cretaceous Aptian sandstone 

(Figure 8). The Aptian oil is a light 42 ºAPI paraffinic live oil (oil with dissolved gas) and the reservoir is 

further divided in two sections: Aptian A (on top) and Aptian B (on the bottom). Both Aptian A and B 

deposits are believed to be shallow marine sandstones with varying deltaic influence. The associated 

gas in the Aptian reservoir is rich in mid components (C3-C6). Also, the Lower Cretaceous Barremian 

sandstone and Valanginian carbonate reservoirs (below the Aptian formation, Figure 8) slightly 

contribute to the total production of live oil in some areas of the field, being the Valanginian reservoir the 

most significant, second to the Aptian reservoir. The older Jurassic carbonate formation has a series of 

stacked Jurassic sandstones with degassed oil and free gas reserves which also contribute to total 

production.  
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The Aptian reservoir is the biggest oil production contributor and it consists of thin, very fine-grained, 

argillaceous sandstone beds interbedded with shale heteroliths and intervals of calcite cemented 

sandstones. Calculations made from many core samples determined an average porosity of 16.9% and 

an average horizontal permeability of 1.2 mD. On a reservoir scale, the horizontal permeability is 

controlled by the continuity of the different sand layers. The vertical permeability of the Aptian reservoir 

is low due to the finely interbedded nature of the reservoir with a ratio between vertical and horizontal 

permeability of 0.1. The wettability of the rock is neutral to slightly water wet.  

 

Figure 8 – Stratigraphic column of the Kazakhstan field reservoirs: Aptian A and Aptian B sandstones; Barremian 
sandstone; Valanginian carbonate; Upper and Middle Jurassic stacked sandstones (Bizarro, 2013). 
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3.1.2. Summary of Field Development  

The Kazakhstan field was discovered in February 1966 and its first commercial oil flow from the Aptian 

reservoir was obtained in 1968. Between 1966 and 1991, 26 Soviet-era exploration wells were drilled to 

evaluate the structure, with oil and gas reserves being reviewed and approved by USSR in 1973. From 

1991 to 2007, additional data from the field (cores, production data, etc) was obtained by drilling different 

patterns of vertical and horizontal production wells throughout the field, prior to full field development, 

with the objective of establishing optimal well configuration. It was concluded from data analysis that the 

development scenario with vertical wells contributed to a significantly higher ultimate recovery and more 

flexibility to mitigate risk during the early drilling campaign than the horizontal wells development 

scenario. Horizontal well configurations performed poorly mainly due to the vertical low connectivity in 

the reservoir. It was also concluded that reservoir pressure support was needed in the Aptian reservoir 

to maintain production. The viability of secondary recovery started to be accessed in 2003 with the 

conversion of some vertical and horizontal producing wells to permanent water injectors in order to 

improve the pressure support for the reservoir. All of the produced water is re-injected into the reservoir 

while additional water is sourced from the Caspian Sea using the existing Seawater Intake Station. 

In 2006, one of the wells appraised the deeper horizons below the Aptian reservoir and encountered 

live oil in the Barremian sandstone and Valanginian carbonate formations, and gas in the stacked Middle 

Jurassic sands. Then, more four wells were drilled as part of an additional exploration of hydrocarbons 

at the field and, based on these results and 3D seismic made in 2006-2007, the existing hydrocarbons 

of these formations were added to the total reserves estimation of the field. As of today, some wells 

were built and other already existing wells were deepened to produce these deeper reservoirs. 

According to the FDP 2014, 198 vertical wells are planned to be developed in the Aptian A and B 

reservoirs: 83 water injectors and 115 producers. The chosen optimal configuration of the wells is in 5-

spot patterns, with 4 vertical producers in the corners of the pattern and 1 central vertical water injector 

(Figure 9). The spacing between vertical producer wells is 800 m and the distance between producer 

and injector wells is 565 m. Local adjustments are made in reserves boundaries.  

 

Figure 9 - Five spot pattern with 800 m producer-producer well spacing. The water injection well is at the centre 
of the pattern and the four producer wells are in the corners of the pattern (FDP 2014). 
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3.1.3. EOR Pilot Sector 

Following the increase in oil production with water injection, the injection of the produced LPG also 

started to be evaluated in terms of EOR potential. The LPG volume is almost 20% of the daily natural 

gas volume production and its composition (Table 2) is mainly propane (C3) and butane (C4). The under 

saturated oil of the Aptian reservoir is ideal for LPG injection due to the full miscibility between the 

reservoir oil and because the LPG is injected above the bubble point pressure at 945 psia, pressure at 

which the first bubble of gas comes out of the oil solution. This is also the value of the MMP, essential 

factor for the miscibility WAG process. Since the Kazakhstani authorities do not authorize production 

below the bubble point pressure, miscibility between the LPG and the reservoir oil should be guaranteed. 

Table 2 – Composition of produced LPG. 

Composition  Mole (%)  

 C1 8.0 

 C2 14.0 

 C3  39.0 

 C4  33.0 

 C5 6.0 
 

From an environmental standpoint, it is not desired to flare the LPG and, from an economic view, there 

is no local market for the LPG consumption and no existing export facilities. Dry gas (mostly methane, 

C1) is already used for power generation and fuel consumption in the field. Therefore, the LPG has been 

injected into the Aptian reservoir as a pilot EOR project and it is also a goal of this thesis to justify this 

practice instead of using the LPG for power generation or any other use. 

The injection of LPG started in December 2009 in Well-X. The well had started production in May 2008 

and been converted to water injector in January 2009 with an average injection rate of 300 stb/d. After 

December 2009, the total produced LPG volume of the field was around 450 stb/d and has been 

continuously injected into Well-X to date. It was expected that the LPG injection rate would ramp up to 

1500 stb/d at the peak of the field development. To cope with the increasing LPG volume, a second 

injection well (Well-Y) was also converted to a LPG injector in 2010 to serve as a spare LPG injector 

when Well-X is unavailable or for injecting any excess LPG. Well-X is completed with two sand propped 

fractures through where injection occurs: one in Aptian A and one in Aptian B. The bottom hole pressure 

(BHP) measurements showed injection pressures of 2,400 to 2,900 psia, below the safe margin of the 

rock fracking pressure of 3,232 psia.  

The results from various wells drilled in the central part of the field (including Well-X) revealed that the 

reservoir rock properties are very heterogeneous on a micro scale. However, on a macro field scale the 

production data shows connectivity between reservoir sand units. In order to capture an adequate level 

of heterogeneity in the dynamic model, a 3D sector model of a full 5-spot pattern located near the crest 

of the field was built by the current operator using the data from all vertical wells drilled in this region. 
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This model better represents the future production variation compared to the full field model where 

limited geological information is available away from well control. 

Figure 10 shows the EOR pilot sector model ‘cut-out’ of the full field static model. This model was 

provided by Partex. The static EOR model was built using Petrel and it was used as an input for dynamic 

simulation in Eclipse 300. The EOR pilot corresponds to a 5-spot pattern with Well-X as the central 

injector and wells Well-A, Well-B, Well-C and Well-D as the producing wells. This model is the basis for 

the dynamic simulations of this thesis. 

 

Figure 10 – Porosity values of the Kazakhstan field static model (at the left) and EOR pilot sector model (at the 
right): 5-spot pattern with Well-X as the central injector well and Well-A, Well-B, Well-C and Well-D as the 

producing wells (exported from Petrel). 

According to the LPG injection evaluation report made in 2012, incremental recovery of oil with LPG 

injection was observed over water flood across low-mid-high permeability scenarios. The studies that 

support these conclusions were based on the simulations made on the operator’s sector model. In fact, 

the dynamic simulations made by the operator concluded that an injection rate of about 800 stb/d of 

LPG is the ‘minimum to give noticeable increment over water flood, assuming the same conditions for 

all other parameters. The positive effect is not immediately observed, but some 6 years after 800 stb/d 

LPG injection in the mid realisation (translating to 1-2% more recovery factor within licence compared 

to water flood which carries a recovery factor of about 13%). Lower LPG injection rates than 800 stb/d 

showed lower recovery than water flood and LPG injection rates of 1500 stb/d show promising results 

of oil recovery. 

In the study made by the operator, WAG cases were also evaluated based on single versus two 5-spot 

patterns. In the single pattern case, LPG was injected into Well-X, alternating with water injection with 

various cycles. The runs showed minor additional oil recovery when compared with sole LPG injection, 
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regardless of the alternating cycle. In the two-pattern case, LPG was injected into Well-X while water 

was concurrently injected into Well-Y. Noticeable gain is observed quickly (after 1 year) and the WAG 

recovery factor within license is 14% (6:6 WAG ratio), 13.3% in sole LPG injection and 12.9% in water 

injection scenario. Sensitivity runs of the same WAG case that assumes twice higher water injection 

showed a recovery factor within licence of 14.5%. 

To further substantiate these conclusions and recommend the LPG re-injection on the single-pattern, 

this work is an optimization study with the objective of understanding the main factors that influence oil 

recovery. The main factors studied in this work were the injection rates of LPG and water, WAG ratios 

and permeability values. Simulations were made in the 5-spot pattern with Well-X as the central injector 

(Figure 10) to justify the EOR application field wide in order to increase the recovery of oil. 

3.2. Fluid System Model 

Before doing any compositional fluid flow simulation on the EOR sector model, a realistic physical model 

of the reservoir based on fluid samples must be created to accurately predict how the fluids behave 

within the Aptian reservoir. Each reservoir fluid in the world is unique, and thus, a tuning of the PVT 

behavior of the fluid through an equation of state is essential to be able to reproduce as much as possible 

how the real fluid flows inside the reservoir, during its production. The fluid properties must be known 

over a wide range of temperature and pressure values. When LPG is injected into the Aptian reservoir, 

we also need to know how the properties of the original reservoir fluid will change as the composition 

changes.  

In the following sections, a complete fluid description and the regression of an equation of state to fit the 

model were done using PVTi by Schlumberger. In the end, the fluid model and a composition versus 

depth table were exported in a format compatible with the Eclipse300 simulator. 

3.2.1. Fluid Characterization 

The first step in creating a fluid system is the fluid characterization. Fluids can be defined by specifying 

the molar fraction of each component. The reservoir composition together with a saturation pressure 

(bubble or dew-point) are sufficient inputs to provide a quick-look simulation, giving an initial estimation 

of fluid properties in advance of a full fluid analysis in the laboratory (PVTi Reference Manual, 2008). 

However, in this study, a PVT report issued in 2008 with a comprehensive PVT fluid analysis of the field 

was used to improve the quality of the equation of state regression, and so, helping to create a better 

fluid system model to be used in the dynamic simulations. 

According to the PVT report, some oil samples were taken from both Aptian A and B reservoirs through 

well Well-C. Since the production stream in the vertical producer wells is a mixture of both Aptian 

reservoirs, the reservoir fluid composition used as input for PVTi was a mixture of 50% Aptian A oil and 
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50% Aptian B oil. Therefore, the molar fraction used for each component was an average between both 

samples. Figure 11 shows the variation of the molar fractions with the increasing molecular weight in a 

Fingerprint plot. The temperature of the reservoir is about 79°C and the bubble point pressure calculated 

for the mixture at that temperature was 945 psia. 

 

Figure 11 – Fingerprint plot of the Aptian A and Aptian B samples mixture showing: mole fraction versus molar 
weight (PVTi). 

The fingerprint plot in Figure 11 shows that the distribution of components has a decreasing trend until 

a molar weight value of 400 g/mol, and an increasing trend from that point on. This analysis indicates 

that the live oil of the Aptian reservoir is composed mostly by light and mid-light components (C1-C10), 

having also a significant amount of very heavy components (C30+).  

There are more than 45 components identified in the reservoir composition PVT report. To be able to 

speed-up the compositional simulator, the components of the mixture sample were grouped to reduce 

the computation time and memory requirements of reservoir simulations. Table 3 indicates the reservoir 

oil composition after grouping operation, showing a total of 8 group of components. Hydrocarbon 

molecules with similar molecular weights have similar properties and are grouped together. However, 

this will not apply to non-hydrocarbon molecules. Nitrogen (N2) is added to methane (C1) while carbon 

dioxide (CO2) is added to ethane (C2) due to the similarity of the properties between the components of 

each group. The butane, propane and pentane components were left as individual groups due to their 

importance in the LPG miscible displacement and because they have significant mole fractions alone. 

The C30+ represents an average weight of the components larger than C30. Usually, in compositional 

simulations, this group is split into smaller molar percentages of heavier components to help improve 

the quality of the results at the heavier components ends of the simulation. Due to computational time 

and memory usage, this was not made. 
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Table 3 – Reservoir oil composition after grouping operation (mixture sample). 

Components Mixture (%) 

C1 + N2 18.22 

C2 + CO2 7.475 

C3 6.535 

C4 5.155 

C5 3.34 

C6-10 20.105 

C11-29 31.905 

C30+ 7.265 
 

Figure 12 shows the phase diagram of the Aptian fluid model as a function of temperature and pressure. 

The green line represents the bubble point line and the dew point is represented by the red line. At any 

chosen temperature and pressure, it is possible to predict the phase at which the sample will be. This 

phase diagram was built after the equation of state regression described in the next section. At reservoir 

temperature (79°C – purple vertical line), the initial reservoir pressure was calculated to be 2320 psia 

which is above the bubble point pressure, and so the oil is initially under saturated, which means there 

is only one phase as gas is dissolved in the crude oil. 

 

Figure 12 – Phase plot of the tuned fluid model: bubble line (green), dew line (red), reservoir temperature at 79⁰C 

(purple) and 5 quality lines. 
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3.2.2. Equation of State Regression 

In this work, a PVT report with laboratory fluid analysis is used to fit an equation of state to the 

experimental behavior. PVTi is the software program used to simulate the experiments that have been 

performed in the laboratory on the Aptian reservoir samples. Any differences between the measured 

and calculated data are minimized using a regression on the selected equation of state of the fluid 

model. This way, various equation of state parameters are fitted, by regression, to describe experimental 

results and the new tuned model is then used to generate PVT tables for use in reservoir compositional 

simulations. The selected equation of state for this study was the three parameter Peng-Robinson 

equation of state as it is one of the most common equations used to describe the flow of under saturated 

oils, and provides a more accurate calculation of phase density (Pinto, 2014). 

In order to tune the equation of state, observation data from four different laboratory experiments shown 

on the PVT report were used to adjust the equation of state parameters:  

• Constant Composition Expansion (CCE) experiment with observations of relative volume;  

• Differential Liberation (DL) experiment, with observations of solution gas oil ratio (GOR), 

formation volume factor (Bo) and fluid density; 

• Bubble Point experiment at 79⁰C with observations of bubble point pressure and liquid density; 

• Viscosity experiment at 79⁰C with viscosity observations. 

All the experiments were applied to the Aptian A and B oil samples. In the bubble point experiment, the 

fluid sample is placed in a PVT cell at reservoir pressure and temperature, and pressure is dropped until 

the first bubble appears, giving the value of the bubble point pressure of the field. In the CCE experiment, 

the sample starts above reservoir pressure (2,320 psia), the cell pressure is gradually reduced, and the 

expanding volume measured. The DL experiment evolves as a CCE from high pressures to the bubble 

point pressure and beyond. However in the DL experiment, once the pressure has dropped below the 

bubble point pressure, after each flash all vapor phase is removed and liquid composition from the flash 

becomes the feed for the next pressure depletion. These experiments intend to simulate the changes in 

oil properties of the Aptian reservoir as pressure drops during production. 

Regression on the Peng-Robinson equation of state was performed, adjusting critical temperatures (Tc), 

critical pressures (Pc) and critical volumes (Vc) for each of the 8 components defined in the fluid 

characterization section. After a significant amount of trial and error regression experiments, a 

successful tuning of the equation of state to the experimental data was achieved with the adjustment of 

critical pressures for each component and critical temperatures for the mid oil components (C4 and C5). 

The Bubble Point pressure was the observation with the largest weight in the regression. The calculated 

value after simulation was 959.8 psia, giving a 1.5% error when compared to the laboratory estimation 

of 945 psia. Figure 13 to Figure 17 show the graphs generated from the PVTi fluid simulation, with 

observation values from the laboratory experiments versus pressure values shown in red dots, and the 

simulated values by PVTi after the regression of the equation of state shown in blue lines. 
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Figure 13 – Relative oil volume versus pressure (CCE): experimental data (red) and simulated values after 
regression (blue).  

 

 

 

Figure 14 – Liquid density versus pressure (DL): experimental data (red) and simulated values after regression 
(blue).  
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Figure 15 – Oil formation volume factor (Bo) versus pressure (DL): experimental data (red) and simulated values 
after regression (blue).  

 

 

Figure 16 – GOR versus pressure (DL) - experimental data (red) and simulated values after regression (blue).  

The results of regression indicate that the equation of state is fitted to the laboratory observations, 

enabling it to predict static equilibrium properties. However, flowing properties such as viscosity, must 

be matched last to create a fluid system model that accurately represents the Aptian reservoir fluid. In 

this work, the Lohrenz-Bray-Clark (LBC) correlation was used in PVTi to estimate viscosities as it is the 

most widely used correlation in the industry. Figure 17 shows the viscosity matching, where Vc values 

of the equation of state were adjusted for all components. 
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Figure 17 – Viscosity versus pressure (LBC correlation): experimental data (red) and simulated values after 
regression (blue).  

The regression is considered validated since there are only small differences between the calculated 

and estimated observations. Table 4 presents the critical temperature, pressure and volume for each of 

the 8 oil components defined at the beginning of this chapter. 

Table 4 – Tuned critical properties for the oil components. 

Components Tc (⁰C ) Pc (psia) 
Vc (ft3/lb-

mol) 

C1 + N2 -84.267 663.111 1.566 

C2 + CO2 32.272 711.742 2.363 

C3 96.65 615.758 3.204 

C4 355.37 542.84 4.131 

C5 424.97 490.056 4.96 

C6-10 284.063 417.405 6.605 

C11-29 456.237 257.789 13.145 

C30+ 747.567 61.053 37.884 

 

To generate equilibration tables, a composition versus depth experiment was also created in PVTi giving 

the reference properties for the analyzed Aptian samples. Once the fluid model has been fully fitted to 

the experimental observations and the composition versus depth table has been generated, it may be 

exported and used in a reservoir simulation using Eclipse300. 
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3.3. Dynamic Compositional Model  

As mentioned before, the dynamic simulations for this work were performed on the EOR pilot sector 

model, a small ‘cut out’ portion located near the crest of the full field static model. This sector model 

includes a 5-spot pattern with one vertical injector well at the center and four vertical producer wells at 

the corners (Figure 9). The increment in oil recovery using WAG injection (water alternating LPG) will 

be studied through the dynamic simulations using Eclipse300 and Raven. 

The model description and initialization is explained in the first section of this chapter. Rock properties 

were exported from Petrel, the fluid description and an equilibration table were exported from PVTi, the 

grid specification was defined and other necessary inputs were introduced to build the dynamic 

simulation model. 

In the second section, the methodology to construct the production schedule of the dynamic model is 

explained, including the history matching and optimization procedures used in this work. 

3.3.1. Model Description and Initialization 

A full field black oil dynamic model provided by Partex was converted and used to build the EOR sector 

compositional model to be run in Eclipse300. The full field model was downsized to a sector model 

based on a corner-point grid with 102,884 grid blocks (17 x 17 x 356). It is a very fine grid model in the 

z direction (when compared with the original full field model which has 68 cells) because the permeability 

values in this direction are low, and so the fine grid helps to improve our understanding of the vertical 

flow of fluids within the reservoir. Each grid bock size is 100 ft x 100 ft x 1 ft. Despite being considerably 

smaller, the sector model better represents the anticipated production variation compared to a full field 

model where limited geological information is available away from well control. This is due to the greater 

data availability from nearby wells in this highly-populated region whilst many other regions of the field 

lack well data, and so the uncertainty is higher. The influence of the area surrounding the sector model 

was not taken into consideration, therefore, no boundary effects were added to the dynamic model. 

The model is composed of: three reservoir facies, including clean sand, heterolithic sand and cemented 

sand; and a non-reservoir facies of shale. The distribution of facies is very heterogeneous and it is 

determined by the porosity values and volume of shale. Figure 18 shows the porosity model of the EOR 

pilot, where the high porosity regions (orange) are the reservoir facies while the low porosity regions 

(blueish green) are the non-reservoir facies. The average porosity value is around 23%. 
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Figure 18 – Porosity model (exported from Petrel). 

The permeability values of the grid blocks were determined by porosity-permeability relations. 

Permeability is one of the most influential factors for understanding fluid flow in porous media and thus, 

LPG injection is also one of the parameters with the highest uncertainty in the field. The uncertainty of 

permeability will be later addressed in chapter 4.3 with the presentation of different scenarios of 

permeability values and their final oil recovery. Figure 19 to Figure 21 show the permeability values in 

the x, y and z directions of the sector model. The vertical permeability is around 0.1 mD and about 10% 

of the total horizontal permeability (1 mD). The net to gross modelling is controlled by the facies 

distribution, with each facies having distinguished net to gross values (Figure 22). The average net-to-

gross value is around 0.45. 

The cells coordinates and the rock properties were all exported from Petrel and were introduced in the 

ECLIPSE300 code as include files. Only 53,145 grid blocks were active during simulations and the rest 

of the grid was considered to have zero porosity values, which represents the very low porosity values 

that populate the field. Special core analysis results for water/oil and gas/oil saturation functions were 

also exported from Petrel and introduced in the ECLIPSE300 code as an include file. The fluid model 

with the equation of state description was exported from PVTi in a compatible format to be used in 

ECLIPSE300 compositional runs.  

The compositional model was initialized providing the simulator with the pressure and water-oil contact 

depth and a table of oil composition versus depth (exported from PVTi). The initial average reservoir 

pressure is 2320 psia and the reservoir temperature is 79°C. This data is enough to define the initial 

state of every grid block in the reservoir. The initial reservoir volume of oil is 60,5 MM reservoir barrels 

and the average initial oil saturation is of 49,7% of the rock pore volume. 

The final compositional model used for the Eclipse300 simulations is presented in the Appendix A. 
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Figure 19 – Permeability in the x-direction model (exported 
from Petrel). 

 

Figure 20 – Permeability in the y-direction model (exported from 
Petrel). 

 

Figure 21 – Permeability in the z-direction model (exported 
from Petrel). 

 

Figure 22 – Net-to-gross model (exported from Petrel). 

 

Figure 23 to Figure 26 show the vertical cross sections of the saturation of oil for different timesteps 

(2008, 2014, 2020 and 2024). The WAG case represented in all of the cross sections is the 4x8. 
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Figure 23 – Vertical cross section of the saturation of oil in 2008, for the 
4x8 WAG case (Tnavigator). 

 

 

Figure 24 – Vertical cross section of the saturation of oil in 2014, 
for the 4x8 WAG case (Tnavigator). 

 

 

Figure 25 – Vertical cross section of the saturation of oil in 2020, for the 
4x8 WAG case (Tnavigator). 

 

 

Figure 26 – Vertical cross section of the saturation of oil in 2024, 
for the 4x8 WAG case (Tnavigator). 

 

 

3.3.2. Production Schedule 

The production schedule section of the dynamic model includes a first part with the history of production 

from May 2008 to July 2016 and a forecast simulation part from August 2016 until the end of license in 

August 2024. A total of five wells in a 5-spot configuration were used in the simulations (Figure 27). 

Well-X was set to start producing oil in May 2008 until January 2009, when it was converted to water 

injector. Later in December 2009, the water injection was switched to LPG injection in that same well, 
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serving as the central injector of the 5-spot pattern with an average of 450 stb/day of LPG being injected 

since its conversion until August 2016. The composition of the LPG injection stream used in the 

simulation is shown in Table 2, in Chapter 3.1.3. All the other wells (Well-A, Well-B, Well-C and Well-D) 

were scheduled to start production from late 2008 until the end of license in 2024. All the historical 

injection and production well data was provided by Partex. 

 

Figure 27 – Top view of the sector model with a map of pressure values by August 2016 (FlowViz 2015.2). 

Before using the model to start forecasting the oil production outcome in the future, a pseudo-history 

matching procedure was used to validate the model. This process is addressed in the first section of 

this chapter.   

In the second section, the forecast part of the model and the details of the optimization methodology 

used in this project are given. Starting in August 2016, the producing wells were set to a constant liquid 

flow rate of 300 stb/day. The injection pressure for Well-X well was set to a limit of 3232 psia, so that it 

does not overcome the rock fracking pressure.  

3.3.2.1. History Matching 

Before doing forecast simulations, reservoir engineers must evaluate the quality of the reservoir model 

in order to simulate the future reservoir performance with a higher level of confidence. The act of 

adjusting a reservoir model until it closely reproduces its past behavior is known as history matching. In 

this process, the simulated results are matched as closely as possible with the historical production rate 

and measured pressures. The accuracy of the history matching is determined by the quality of the static 

model and the quality and quantity of pressure and production data. 
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An attempt to history match the production from 2008 to 2016 was made by multiplying the permeability 

values by certain factors, as it is the reservoir property with the highest degree of uncertainty in the field. 

The minimum permeability multiplier needed to produce barely enough oil to match history was around 

10x, which is very unrealistic. It was also observed that even with extreme permeability tweaking of 30x, 

the water production was impossible to match. Studies made by Partex on GOR and water cut as well 

as cement bond logs and well water production data reported by the operator suggest that ‘extra’ water 

production may be coming from an upper reservoir (Upper Albian) due to known poor cement job in 

most wells. 

It is also important to highlight that this study was made on a sector model with no boundary effects, 

where the pore volumes and the pressures values in the rest of the field are not accounted for in the 

simulations, and thus, the simulated oil production is always less than the original field production. 

Under these circumstances, the field historical production data was reduced until there was a match 

between the simulated and the reduced values (65% reduction after successive iterations of trial and 

error). This is not considered to be a real history matching procedure. However, since the objective of 

this work is to know the influence of different optimization variables in the increase of oil recovery in 

relative terms and not absolute terms, the reduction of the original production will not affect the 

optimization process, as all variables were in the same set of conditions when being optimized. A 

dedicated history matching should be performed in the future in order to have a more accurate model 

and to reduce uncertainty of permeability and other sensitive factors. This would improve the model 

simulations and would help us to understand the possible absolute oil recovery in the future. 

Figure 28 shows the historical field production (black dashed line) and the production estimated by the 

model after simulation (black line). After reducing the historical production data to 65%, the estimated 

production by the model after simulation (green line) is matched with the reduced historical production 

(green dashed line). Figure 29 shows the pressure drawdown with the original values (brown lines) and 

after the ‘history matching’ process (pink lines). 
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Figure 28 – Original historical production data (black dashed line) versus mode estimatedl production (black line); and reduced historical production data by 65% (green 
dashed line) versus new model ‘history matched’ estimated production (green line).  
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Figure 29 - Original historical pressure drawdown (brown dashed line) versus model estimated pressure drawdown after simulation (brown line); and pressure drawdown after 
the production reduction (pink dashed line) versus new model ‘history matched’ estimated pressure drawdown output (pink line).
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3.3.2.2. Optimization Process 

Having the dynamic model fully prepared and ‘history matched’, the optimization process started. The 

forecasts began in August 2016 until the end of license in August 2024. For the Aptian reservoir, the 

calculated and estimated values for vertical permeability are low. However, since there is a very high 

level of uncertainty, scenarios with possible vertical fluids migration may influence the macroscopic 

sweep efficiency and oil recovery. Taking this into consideration, three parameters were chosen to 

optimize the model with the objective of maximizing oil recovery: 

• LPG injection rates; 

• Water injection rates; 

• WAG cycles time. 

All forecasts were done using the Eclipse300 simulator. However, the LPG and water injection rates 

were automatically optimized with the PSO algorithm by Raven software, using cumulative oil production 

as the objective function. 

Regarding the WAG cycles, six different scenarios using months as units, were considered in the 

optimization process, including: 

1. 6x6 – 6 months of water injection and 6 months of LPG injection; 

2. 8x4 – 8 months of water injection and 4 months of LPG injection; 

3. 12x12 – 12 months of water injection and 12 months of LPG injection; 

4. 4x8 – 4 months of water injection and 8 months of LPG injection; 

5. LPG continuous injection; 

6. Water continuous injection. 

For each WAG cycle scenario, the LPG injection was assigned with the letter ‘a’ and the water injection 

was assigned with the letter ‘b’. The PSO algorithm is expected to assign random values to both 

variables of Well-X, according to a uniform distribution with an interval between 300 and 2000 stb/d. For 

each iteration, a new random number is given until a meaningful trend can be observed. This way, the 

injections rates were automatically optimized using the PSO algorithm while the WAG cycle were 

manually optimized using the scenarios mentioned above. Regarding the LPG and Water continuous 

injection scenarios, only one variable with the letter ‘a’ was used by the PSO to assign the injection rate 

values. 

Finally, after all simulations were done, all WAG cycle scenarios with the optimized injection rates were 

picked and for each one of them, a low, mid and high case permeability scenario (-25%, 0% and +25% 

permeability values variations) were simulated to account for the big uncertainty of this very important 

factor. 
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4. Results and Discussion 

In this chapter, the reservoir production optimization process is presented and discussed.  

In the first section, the injection rates were optimized using the PSO algorithm. The result of the various 

iterations is shown in the graphs taken out from Raven software, for each WAG cycle scenario.  

After the injection rates optimization, the WAG cycle scenarios were compared. In the second section, 

the reservoir oil production and drawdown pressure plots for each scenario are presented and discussed 

using the Eclipse Viewer Module. An analysis of the oil field production composition is also provided to 

understand the effect of the WAG injection. 

In the third section, the permeability scenarios with a variance of 25% of their original estimated values 

are also presented and addressed in order to account for the uncertainty of this variable and its impact 

on the production of the Kazakhstan field. 

4.1. LPG and Water Injection Rates  

The injection rates of LPG and water are very important variables in the effective production of the field. 

Complex changes in fluid saturations of the rock pore volume, relative permeability curves and bottom 

hole pressures are caused by the different rates of LPG and water injected in the 5-spot pattern. The 

aim of the simulations made in this section, is to understand how these different injection rates affect 

our objective function by increasing the total oil production. The Well-A, Well-B, Well-C and Well-D were 

controlled by the oil production rates, with targets of 300 stb/d. The production bottom hole pressures 

were set to be 1,469 psia, which is higher than the lower limit of 945 psia imposed by the Kazakhstani 

authorities and which also corresponds to the MMP, the crucial factor that determines miscibility and 

displaces the oil, turning the miscible WAG injection effective. The production wells were also limited to 

a water cut of 90%, with completions being closed on cells that exceeded this value.  

The LPG and water injection rates were simultaneously and automatically optimized using the PSO 

algorithm by Raven, for each WAG cycle scenario. For both fluids, the numbers were assigned by the 

algorithm according to an uniform distribution within an interval range of 300 and 2,000 stb/d. The 

maximum value of 2,000 stb/d was defined as an upper limit to ensure that the injection pressure does 

not go beyond the fracking pressure of 3,232 psia.  

Figure 30 to Figure 39 show the optimization trend for the total oil production versus the LPG and water 

injection rates. For each WAG cycle scenario, around 100 iterations were made in order to get a 

meaningful trend for the optimum LPG and water injection rate values. Column A shows the field oil 
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production total (FOPT) versus LPG injection rate plots and column B shows the FOPT versus water 

injection rate plots, for each scenario. 

Column A – FOPT vs LPG Column B – FOPT vs Water 

 

Figure 30 – FOPT vs LPG injection rate ($a) – 4x8 WAG 
cycle (Raven). 

 

Figure 31 – FOPT vs Water injection rate ($b) – 4x8 WAG 
cycle (Raven). 

 

Figure 32 – FOPT vs LPG injection rate ($a) – 6x6 WAG 
cycle (Raven).  

 

Figure 33 – FOPT vs Water injection rate ($b) – 6x6 WAG 
cycle (Raven). 

 

Figure 34 – FOPT vs LPG injection rate ($a) – 8x4 WAG 
cycle (Raven).  

 

Figure 35 – FOPT vs Water injection rate ($b) – 8x4 WAG 
cycle (Raven).    
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Figure 36 – FOPT vs LPG injection rate ($a) – 12x12 WAG 
cycle (Raven).  

 

Figure 37 – FOPT vs Water injection rate ($b) – 12x12 WAG 
cycle (Raven).  

 

Figure 38 – FOPT vs LPG injection rate ($a) – sole LPG 
injection (Raven).  

 

Figure 39 – FOPT vs Water injection rate ($b) – sole Water 
injection (Raven).  

 

Analyzing the graphs shown on column A, it is possible to observe a clear trend towards the maximum 

LPG injection rate values. These plots indicate that as the LPG injection rate increases, the FOPT 

gradually increases, confirming the benefits of the miscibility displacement between LPG and the 

reservoir oil. This is due to the non-existent interfacial tension created between both fluids, which in turn 

lowers the resistance of the crude oil to flow and provides an effective microscopic displacement of the 

reservoir oil. The optimum LPG rate converged to 2,000 stb/d. 

On the other hand, the plots on column B do not show a clear trend of the optimum water injection rate 

values, for all the scenarios. It suggests that this variable is less important than the LPG injection rates 

when maximizing the FOPT. The variation in the FOPT is very small for sole water injection, representing 

a difference of 1,500 stb of oil recovered between the worst and best case scenarios (Figure 35). Since 

these simulations are being made on a reservoir sector model with very low levels of permeability, the 

fine grained sized of the formation with less interconnected pores may have a strong effect on the 

relative permeability of water and its ability to displace the oil effectively. Therefore, the LPG injection 

rate has a much stronger effect in increasing the overall displacement efficiency than the water injection 
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rate. Despite these observations, the sole water injection case depicted on Figure 39 shows that a 

minimum of around 750 stb/d of water should be injected into the reservoir to obtain maximum values 

of FOPT, even though the increase is not very significant. The optimum water injection rate was around 

1,250 stb/d. 

Figure 40 to Figure 43 show how the LPG and water injection rates are inter-related in terms of the 

maximum FOPT. We can observe that there is no clear trend between the LPG injection rate and the 

associated water injection rate for every scenario.  

 

 

Figure 40 - LPG versus water injection rates – 4x8 WAG cycle (Raven). 

 

Figure 41 - LPG versus water injection rates – 6x6 WAG cycle (Raven). 
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Figure 42 - LPG versus water injection rates – 8x4 WAG cycle (Raven). 

 

Figure 43 - LPG versus water injection rates – 12x12 WAG cycle (Raven). 

The best iteration (that maximizes the FOPT) with the optimum LPG/water injection rate values is 

summarized in Table 5, for each WAG cycle scenario. 

Table 5 – LPG/water injection rates for the best iteration (that maximizes the FOPT) for each WAG scenario. 

 WAG Cycle (months) LPG Injection Rate (stb/d) Water Injection Rate (stb/d) 

4x8 1,998 1,134 

6x6 1,983 1,571 

8x4 1,999 800 

12x12 1,985 968 

LPG 1,999  

Water  1,267 
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4.2. WAG Cycle Time 

WAG cycle is another very important factor to take in consideration when optimizing the Aptian reservoir 

production. This factor is inter-twined with the WAG ratio and the LPG/water injection rates and it is 

defined as the timing of switch from water to LPG during the WAG injection. The WAG cycle time greatly 

influences the WAG ratio because it varies the volume of water and LPG injected in the reservoir. 

Considering the performance of any WAG scheme depends strongly on the distribution of permeability, 

the optimal WAG cycle time is reservoir dependent, and thus, it must be optimized in every reservoir 

production, including the Kazakhstan reservoir field. 

To determine the best WAG cycle time in the EOR pilot sector, the same 6 scenarios already used in 

Chapter 4.1 were considered. However, instead of using the optimum values from Table 5, a fixed LPG 

injection rate of 2,000 stb/d (optimum value) and a fixed water injection rate of 1,000 stb/d were 

considered for all WAG cycles. For the sole LPG and water injection cases, an injection rate of 2,000 

stb/d was considered. 

Figure 44, Figure 45 and Figure 46 show the field oil production rate (FOPR), FOPT and the field 

pressure of the reservoir (FPR), respectively, from the beginning of the forecast in 2016 until the end of 

license in 2024. Figure 45 also shows the different oil recovery factors (RF) for each case.  

It is important to highlight that the results presented below should not be taken as absolute figures. The 

values presented in this section only reflect the tendency of production and recovery of oil for each WAG 

cycle scenario, and thus, they are only indicative and must only be analyzed in relative terms.
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Figure 44 – Field oil production rate from August 2016 to August 2024 for each production scenario: 4x8 WAG cycle (green), 6x6 WAG cycle (yellow), 8x4 WAG cycle (red), 
12x12 WAG cycle (purple), sole LPG injection (black) and sole water injection (blue).  
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Figure 45 – Field oil production total from August 2016 to August 2024 for each production scenario and their correspondent recovery factors: 4x8 WAG cycle (green), 6x6 
WAG cycle (yellow), 8x4 WAG cycle (red), 12x12 WAG cycle (purple), sole LPG injection (black) and sole water injection (blue).   
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Figure 46 – Field average pressure drawdown from August 2016 to August 2024 for each production scenario: 4x8 WAG cycle (green), 6x6 WAG cycle (yellow), 8x4 WAG 
cycle (red), 12x12 WAG cycle (purple), sole LPG injection (black) and sole water injection (blue). 
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Using the fixed injection rates mentioned above, it is possible to observe a very fast increase in the daily 

oil production with the sole LPG case since the start of the simulation. Furthermore, Figure 44 shows 

that the FOPR for the LPG case is higher than all the WAG cases through most of the simulation time. 

This is due to the first contact miscibility between the LPG and the reservoir oil which enables the crude 

oil to flow more easily and faster towards the production wells because of viscosity reduction. Besides 

this, the sole LPG injection also contributes to a higher FOPT (2.06% RF) than all the other scenarios 

until the end of license in 2024 (Figure 45). On the contrary, the sole water injection (in blue) represents 

the lowest oil recovery scenario with a RF of 1.75% and a constant decrease in FOPR since the start of 

the forecast. This demonstrates that LPG injection does not compromise the oil recovery in any case 

and, in fact, given a LPG injection of 2,000 stb/d in Well-X, incremental recovery is observed over water 

flood and all the other WAG scenarios.  

However, the benefits of WAG injection are visible when we compare the behaviour of the WAG curves 

with the sole LPG injection curve (in black). Around the 12th year (2019) after the start of the simulation, 

Figure 44 shows that the LPG injection curve reaches its peak of daily oil production soon and enters a 

steady decline until the end of the forecast. On the other hand, the other WAG curves have a periodic 

behaviour and a tendency to remain around the same FOPR values, showing no clear sign of reaching 

a peak of production. The 4x8 case (in green) shows that the daily oil production goes higher than the 

LPG case in mid-2022 (between the 14th and 15th year after the start of the simulation), showing no 

obvious signs of a decrease in FOPR until the end of license. The 6x6 (in yellow) and 12x12 (in purple) 

cases have about the same RF (1.96% and 1.95%), nonetheless, the 6x6 case also shows the benefits 

of faster WAG cycles as the FOPR is sustained longer than the 12x12 case. The 8x4 case (in red) 

practically shows the same average daily oil production until 2024 and it is the WAG scenario with the 

lowest oil recovery (1.86%).  

These observations suggest that despite the incremental recovery of sole LPG injection over the other 

scenarios, the injection of water alternated with LPG helps to sustain the FOPR for much longer and 

recover the oil in a later phase of production. This may be caused by the benefits of a higher macroscopic 

sweep efficiency and better pressure support caused by water injection over longer periods of time when 

compared with sole LPG injection. In the WAG scheme, water injection also helps to control the mobility 

of the LPG, hence reducing the viscous fingering effect. Figure 46 shows that the drawdown in pressure 

for the black curve (LPG case) is higher than any other curve, reaching a reservoir pressure of 1,993 

psia at the end of the forecast while the WAG curves have a better pressure support with drawdown in 

pressure between 2,022-2,040 psia. On the other hand, the sole water injection scenario (blue curve) 

also shows lower values of reservoir pressure than the WAG curves since the beginning of the forecast 

simulation until the end in 2024. Nevertheless, the pressure values of the WAG scenarios tend to 

gradually come closer to the water injection curve near the end of the forecast, meaning that the 

pressure support given by water injection takes longer to have an effect than LPG injection because of 

the low permeability values of the Aptian reservoir. 
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To further substantiate these conclusions, a comparison between the original reservoir oil composition 

and the field produced hydrocarbons (oil and gas) composition at the end of the simulation in August 

2024, for each production scenario, is shown in the clustered histogram below (Figure 47).  

 

Figure 47 – Comparison between the reservoir oil composition (at the right) and the field produced hydrocarbons 
composition for each production scenario: 4x8, 6x6, 8x4, 12x12, sole LPG and sole water injection. 

Considering that the injected LPG composition is mostly C3 and C4 (Table 2), it seems that a large 

quantity of the injected gas has already been produced at the end of the simulation, for the sole LPG 

injection case (black bars), when we compare it with the original reservoir oil composition (orange bars). 

The analysis of the sole LPG injection GOR (Figure 48) also shows that the increase in the propane and 

butane starts to be more noticeable around 2.5 years after the start of the forecast. This shows that sole 

LPG injection is not very effective after some years, as most of the recoverable crude oil between the 

injector and producer wells is already swept, and consequently, the pressure support is weak and the 

LPG starts being produced to the surface. Another reason is the channeling of the LPG through the 

most permeable layers when too much gas is injected, leaving behind oil bearing sands that could be 

recovered with water injection. 

The WAG cases, on the other hand, show a much less significant increase in produced C3 and C4 at the 

end of the simulation. The 4x8 WAG cycle case (green bars) shows the highest levels of produced LPG 

among the WAG scenarios while the 8x4 WAG cycle case (red bars) has a similar produced 

hydrocarbon composition when compared with the original reservoir oil. The noticeable increase in GOR 

and LPG production for the 4x8, 6x6 and 12x12 WAG cycle cases is around 5-6 years after the start of 

the forecast (Figure 48). As expected, the sole water injection case (blue bars) shows practically the 

same oil composition as the reservoir oil.  
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Despite showing lower oil recoveries, the use of WAG injection includes the benefits of both microscopic 

and macroscopic sweep efficiencies, providing also a better pressure support than the LPG flood until 

the end of license due to water injection. In the LPG injection case, continuous large quantities of injected 

LPG are being wasted since much of the crude oil has already been produced. In contrast, much less 

quantities of LPG are needed when injecting it alternated with water, extending the production plateau 

for much longer and possibly creating a more cost-effective solution. 

Some WAG scenarios, such as the 4x8 case, gives an interesting insight because, despite giving a 

smaller incremental recovery than the sole LPG case, the incremental gain over the water flood is 

substantial. Moreover, there is spare LPG that can be injected in other 5-spot patterns in the same field 

to fully maximize the oil recovery by gradual expansion. An economic analysis coupled with a complete 

history matching procedure would be needed to ascertain the real profits of selecting some of the WAG 

options presented in this thesis.  

 

Figure 48 – Gas Oil Ratio (GOR) from August 2016 to August 2024 for each production scenario: 4x8 WAG cycle 
(green), 6x6 WAG cycle (yellow), 8x4 WAG cycle (red), 12x12 WAG cycle (purple), sole LPG injection (black) and 

sole water injection (blue).  

4.3. Permeability Values 

The estimated permeability values are extremely important to understand the flow of fluids in any 

reservoir. Considering that the facies distribution of the Aptian reservoir is very complex and 

heterogeneous, the permeability values of the field are associated with a large level of uncertainty. 

Therefore, different scenarios of permeability values were simulated for each WAG cycle case analyzed 

in the previous section. Figure 49 to Figure 54 show the FOPT and RF (from May 2008 until the end of 

license) of three different scenarios of permeability and for each WAG cycle, including: 
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• Low Case – using permeability values 25% lower than the estimated (light green); 

• Base Case – using the estimated permeability values (orange); 

• High Case – using permeability values 25% higher than the estimated (dark green). 

 

Figure 49 – Different scenarios of permeability and their correspondent RF for the 4x8 WAG cycle case: low case 
(-25% permeability values, light green curve), base case (orange curve) and high case (+25% permeability 

values, dark green curve).  

 

Figure 50 – Different scenarios of permeability and their correspondent RF for the 6x6 WAG cycle case: low case 
(-25% permeability values, light green curve), base case (orange curve) and high case (+25% permeability 

values, dark green curve). 
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Figure 51 – Different scenarios of permeability and their correspondent RF for the 8x4 WAG cycle case: low case 
(-25% permeability values, light green curve), base case (orange curve) and high case (+25% permeability 

values, dark green curve). 

 

 

Figure 52 – Different scenarios of permeability and their correspondent RF for the 12x12 WAG cycle case: low 
case (-25% permeability values, light green curve), base case (orange curve) and high case (+25% permeability 

values, dark green curve).  
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Figure 53 – Different scenarios of permeability and their correspondent RF for the sole LPG injection case: low 
case (-25% permeability values, light green curve), base case (orange curve) and high case (+25% permeability 

values, dark green curve). 

 

Figure 54 – Different scenarios of permeability and their correspondent RF for the sole water injection case: low 
case (-25% permeability values, light green curve), base case (orange curve) and high case (+25% permeability 

values, dark green curve).  
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As expected, the higher the values of permeability, the higher is the FOPT and RF for all production 

scenarios. It is also possible to observe that, for the high permeability cases, the RF of the WAG and 

sole water injection scenarios comes closer to the RF of the sole LPG injection case. On the contrary, 

the low permeability cases show a larger difference between the recovered oil in the sole LPG scenario 

(higher) and the other production scenarios (lower). This suggests that the flow of the injected water is 

affected by the lower permeability values, slowing down its flow through the reservoir rock and taking 

longer to provide an effective pressure support, hence recovering less oil. On the other hand, the mobility 

of gas is less affected in all low permeability realizations.  

The success of the WAG operation is greatly influenced by the heterogeneity, connectivity and 

permeability of the Aptian reservoir. If the estimated permeability values are much lower than expected, 

the oil production outcome will also be much lower. Therefore, a dedicated study to accurately determine 

the permeability values of the field should be performed to reduce the high uncertainty of this very 

important parameter and to help understand how effective is the injection of LPG and water in recovering 

oil. This way, it is possible to have a better monitoring and management of the reservoir which enables 

the operator to apply the best measures to maximize oil recovery. 
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5. Conclusions and Future Work 

5.1. Conclusions 

The purpose of this work was to evaluate hydrocarbon miscible WAG injection in an EOR pilot sector of 

a field in Central Asia, the Kazakhstan field. The main goal was to maximize the oil recovery of this 

sector model regarding the injection of Water alternated with LPG, a by-product of processing the 

associated gas in the field which has no local market nor nearby facilities to allow being sold or 

consumed. For this purpose, different WAG cycle scenarios were used as the basis of this study in order 

to find which cases help most to enhance the residual oil recovery using LPG. The production scenarios 

included the 4x8, 6x6, 8x4 and 12x12 WAG cycles and also sole LPG injection and sole water injection 

scenarios. The methodology used in this work involved the construction of a dynamic compositional 

model to be run in EclipsEclipse300 and an optimization study using the PSO algorithm (Raven) to 

evaluate the optimum water and LPG injection rates.  

From the results obtained from Raven, it was observed a clear trend between the increasing LPG 

injection rate and the cumulative oil produced, for all production scenarios. The PSO algorithm optimized 

the injection rates of both fluids between an interval of 300 stb/d and 2,000 stb/d, showing that the higher 

the LPG injection rate is, the higher is the cumulative oil production. This demonstrates that LPG is 

beneficial in increasing the oil recovery, mainly due to its first contact miscibility with the reservoir oil 

which helps to decrease its viscosity and increase the microscopic sweep efficiency. The optimum LPG 

injection rate was around 2,000 stb/d. On the other hand, the water injection rate did not show any clear 

relation with FOPT nor the LPG injection rate. Nevertheless, for the sole water injection case, it was 

observed that a minimum of around 750 stb/d of water should be injected into the reservoir to obtain the 

range of maximum oil recoveries, being 1250 stb/d the water injection rate that presented maximum oil 

recovery.  

After the injection rates optimization, 2,000 stb/d of LPG and 1,000 stb/d of water were used as the 

injection rates for all the WAG cycle simulations in Eclipse300. For both sole LPG and sole water 

injection scenarios, a fixed injection rate of 2,000 stb/d was used. The incremental oil recovery of the 

LPG flood (2.06% RF) over water flood (1.75% RF) and the other WAG scenarios (1.86-2.02% RF) was 

demonstrated, concluding that LPG injection does not compromise the oil recovery in any case.  

From the results obtained from Eclipse300, we can also see that sole LPG injection produces oil faster, 

reaching the peak of production only around 2.5 years after the start of simulation while the WAG 

scenarios show a more sustainable production profile. Sole water injection shows a steady decrease in 

oil production through the whole forecast and represents the lowest oil recovery scenario. These 

observations suggest that despite the incremental recovery of the LPG flood over the other scenarios, 

the injection of water alternated with LPG helps to sustain the production for much longer due to a more 

uniform sweep, which might translate in higher oil recoveries if the production license is extended. This 
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conclusion is also supported by the lower drawdown in pressure verified with the WAG cases when 

compared with the LPG flood, as a result of the better pressure support provided by water injection. This 

effect is not immediate because of the low permeability values of the sector which slow the flow of water 

in rock matrix and because LPG has a fast and early pressure support due the reservoir oil being swelled 

by the gas. 

Further analysis of the field produced hydrocarbons composition for each production scenario also gave 

interesting insights. For the LPG flood case, there is a significant increase of C3 and C4 in the produced 

crude oil at the end of license. A noticeable increase of the main LPG components is felt around only 

2.5 years after the start of the forecast. This means that the sole LPG injection is not very effective after 

some years of production, as most of the recoverable oil between the injector and producer wells is 

already swept, and consequently, the pressure support gets weaker and the LPG starts being produced 

to the surface. On the other hand, the other WAG cases show a much less significant amount of C3 and 

C4 in the production stream at the end of the forecast, having a more noticeable increase around 5 years 

after the forecast simulation start. 

Despite showing lower oil recoveries, WAG injection makes a more efficient use of the LPG, preventing 

its waste and achieving a better pressure support until the end of license due to water injection, 

extending the production plateau for much longer than the sole LPG injection. Some WAG cycle 

scenarios, such as the 4x8 (or even 6x6), may represent a good cost-effective solution because, in spite 

of giving slightly lower incremental recovery than the LPG flood case, the incremental gain over the 

water flood is substantial and there is spare LPG that could be used in more 5-spot patterns to fully 

maximize the oil recovery by gradual and systematic expansion field wide. An economic analysis should 

be performed to ascertain the real profits of selecting some of the WAG options presented in this thesis. 

In the end of this project, a low and high scenarios of permeability values were simulated and compared 

with the base case for each of the WAG cycle. As expected, higher permeability values lead to a higher 

recovery of oil for all production scenarios. It was also observed that the flow of the injected water is 

affected by the lower permeability values, slowing down its flow through the reservoir and taking longer 

to provide an effective pressure support until the end of license. Since this is a very influential parameter 

on the success of the WAG operation, a better estimation of the permeability values of the field should 

be performed to reduce its very high uncertainty and, therefore, help the operator to make the best 

decisions when choosing between different WAG and other production scenarios to maximize oil 

recovery. 
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5.2. Future Work 

In reservoir engineering, one very common idea that has been shared through the whole oil industry is 

that, by nature, all models are wrong. This means that there is no such thing as a ‘perfect model’ because 

there is always a degree of uncertainty associated with the estimated properties of a real reservoir, 

meaning that there is always room for improvement on the work that has been already done. 

Regarding the possible future work related with this project, there should be an update of the existing 

modeled representation of the reservoir into a more robust and reliable model, incorporating new data 

from cores, appraisal well results and production data. There are many ways to do so, but a dedicated 

in-depth permeability calculation study should be performed in order to reduce the high uncertainty of 

this very influential factor that may be crucial on determining the success of the WAG operation or any 

other production scenario. The more understanding about the rock permeability values, the better the 

modelling which leads to better decision making. 

The compositional model of the EOR pilot sector created in this work could be used to explore numerous 

optimization opportunities for increased oil recovery using a WAG scheme. Different injection patterns 

with more well injectors could be used to find a solution which optimizes oil production. Shorter WAG 

cycles such as 2:4 or 1:2 could also be simulated to maximize production as faster cycles are likely to 

sustain the production for much longer. Also, it is strongly suggested to optimize the bottom-hole 

pressure of the producer wells to ensure that the well flows with the desired fluid and achieves maximum 

oil recovery. 

Boundary effects are suggested to be incorporated in the model to account for the pore volumes and 

the pressure values in the rest of the field, thus having a more realistic simulated production of the 

compositional model. These conditions are very important to determine if an economic analysis is 

performed since it is mandatory to achieve absolute and real values of production. 

A better history matching procedure is suggested to have a more accurate model that produces real 

values and to simulate future reservour behaviour with a higher degree of confidence. This is also 

necessary if an economic analysis is planned to be made. Since reservoir modelling conditioned to 

history matching consumes a lot of CPU time, the PSO algorithm is suggested to help to optimize 

different variables simultaneoulsy and automatically in defined intervals.   
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Appendix 

Eclipse 300 Main Data File 

--============================================================ 

RUNSPEC 

 

EQLDIMS                                

-- #eq. regions    #depth nodes in any table of P vs depth   #Max depth nodes in any table of solution section 

(ZMFVD included) 

2* 100 / 

 

TITLE                                  

FINAL_RUN E300 

 

WELLDIMS                                

--   #wells  #connects  #groups  #in_grp  #Stages per separator    #Well streams    #Mixtures   #separators    

#items in mixture  #completions 

       5        356        5        5            7* / 

   

COMPS 

8 / 

   

START                                 

  20 MAY 2008 / 

 

WATER                                   

 

OIL                                  

 

GAS                                    

 

FIELD                                  

 

DIMENS   

-- specifies the dimensions of the grid (x, y, z directions)                            

  17 17 356 / 

 

TABDIMS       

-- #saturation tables  #PVT tables  #max saturation nodes in each table  #max pressure nodes in each table         

           19               1                        24                                 20                   8* 1 / 

 

REGDIMS                                 

  1 1 / 

 

--============================================================   

GRID  

 

INCLUDE                                

'COORDHY.GRDECL' / 

 

INCLUDE 

'PORO&PERM ORIGINAL.GRDECL' /   

 

--MULTIPLY 

--PERMX 1.25 / 

--PERMY 1.25 / 
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--PERMZ 1.25 / 

--/ 

 

--============================================================ 

EDIT  

 

--============================================================ 

PROPS  

 

--PVTi Output 

INCLUDE 

'ZMFVD.PVO' / 

 

--PVTi Output 

INCLUDE 

'MIXTURE.PVO' / 

 

PVTW 

2320 1.027 2.94E-006 0.4238 0  / 

 

ROCKOPTS                               

1* 1* ROCKNUM / 

 

ROCK                                   

1500.0000   1.032E-005 / 

 

DENSITY 

-- Fluid Densities at Surface Conditions 

50.7698     62.4280      0.0659  / 

    

INCLUDE 

'SCAL.DATA' / 

 

--============================================================ 

REGIONS  

 

--============================================================ 

SOLUTION  

 

INCLUDE                                

'FINAL_RUN_SOL.INC' / 

 

--============================================================ 

SUMMARY  

 

INCLUDE                               

'FINAL_RUN_SUM2.INC' / 

 

--============================================================ 

SCHEDULE  

 

INCLUDE                                 

‘SCHEDULE.INC' / 
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Fluid Model PVTi Output - MIXTURE.PVO  

ECHO 

-- Units: F 

RTEMP 

--  

-- Constant Reservoir Temperature 

--  

       174.2 

/ 

  

EOS 

--  

-- Equation of State (Reservoir EoS) 

--  

   PR3 

/ 

  

NCOMPS 

--  

-- Number of Components 

--  

       8 

/ 

PRCORR 

--  

-- Modified Peng-Robinson EoS 

--  

CNAMES 

--  

-- Component Names 

--  

   'X1+' 

   'X2+' 

   'C1' 

   'C4+' 

   'C5+' 

   'C6+' 

   'C10+' 

   'C45+' 

/ 

MW 

--  

-- Molecular Weights (Reservoir EoS) 
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--  

   16.36163063 

   30.20054181 

        44.097 

        58.124 

        72.151 

    101.284755 

   222.8395236 

           588 

/ 

  

OMEGAA 

--  

-- EoS Omega-a Coefficient (Reservoir EoS) 

--  

   0.457235529 

   0.457235529 

   0.457235529 

   0.457235529 

   0.457235529 

   0.457235529 

   0.457235529 

   0.457235529 

/ 

  

OMEGAB 

--  

-- EoS Omega-b Coefficient (Reservoir EoS) 

--  

      0.077796 

      0.077796 

      0.077796 

      0.077796 

      0.077796 

      0.077796 

      0.077796 

      0.056894 

/ 

  

-- Units: R 

TCRIT 

--  

-- Critical Temperatures (Reservoir EoS) 

--  

   339.994313946 
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   549.761694984 

        665.64 

   1131.33640176 

   1256.6164068 

   1002.98363598 

   1312.89675606 

   1837.29148506 

/ 

  

-- Units: psia 

PCRIT 

--  

-- Critical Pressures (Reservoir EoS) 

--  

   663.110867879226 

   711.741605577703 

   615.75820998071 

   542.839748482994 

   490.056345284648 

   417.404859086924 

   257.788679191924 

   61.0526396480874 

/ 

  

-- Units: ft3 /lb-mole 

VCRIT 

--  

-- Critical Volumes (Reservoir EoS) 

--  

   1.56639784692522 

   2.36263168891288 

   3.20369188326721 

   4.1310690164764 

   4.95987136427737 

   6.60466856234595 

   13.144977241037 

   37.8841552196165 

/ 

  

ZCRIT 

--  

-- Critical Z-Factors (Reservoir EoS) 

--  

   0.28468400617413 

   0.285029887268988 



75 
 

   0.276164620041118 

   0.18470932855274 

   0.180243745571626 

   0.256130431483504 

   0.240513580746338 

   0.117308772440587 

/ 

  

SSHIFT 

--  

-- EoS Volume Shift (Reservoir EoS) 

--  

   -0.143921397174352 

   -0.102701442818233 

   -0.0775013814750784 

   -0.0570319220942596 

   -0.0355089538430503 

   0.0425925108523839 

   0.0652919966989479 

   0.466515423816313 

/ 

  

ACF 

--  

-- Acentric Factors (Reservoir EoS) 

--  

   0.0137187157 

   0.09978367893 

        0.1524 

   0.1951390883 

   0.2400778443 

   0.3125660284 

   0.5765702868 

   1.615169079 

/ 

  

BIC 

--  

-- Binary Interaction Coefficients (Reservoir EoS) 

--  

       0 

       0       0 

       0       0       0 

       0       0       0       0 

       0       0       0       0       0 
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       0       0       0       0       0       0 

       0       0       0       0       0       0       0 

/ 

  

PARACHOR 

--  

-- Component Parachors 

--  

    76.0417124 

   107.7190635 

         150.3 

   186.8610087 

   228.5419162 

   327.3486695 

    589.957969 

    1477.06796 

/ 

  

-- Units: ft3 /lb-mole 

VCRITVIS 

--  

-- Critical Volumes for Viscosity Calc (Reservoir EoS) 

--  

   0.907732864324974 

   1.36915307611222 

   1.85655031035295 

   2.39396850477106 

   2.87426227527062 

   3.82742782954017 

   16.0044046568481 

   46.1250969793417 

/ 

  

ZCRITVIS 

--  

-- Critical Z-Factors for Viscosity Calculation (Reservoir EoS) 

--  

   0.164975347009838 

   0.165175786293555 

   0.160038333812228 

   0.107039682302339 

   0.104451861792485 

   0.148428453630667 

   0.292832509417738 

   0.142826954276331 
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/ 

  

LBCCOEF 

--  

-- Lorentz-Bray-Clark Viscosity Correlation Coefficients 

--  

    0.1023 0.023364 0.058533 -0.040758 0.0093324 

/ 

(…) 

ZI 

--  

-- Overall Composition 

--  

        0.1822 

       0.07475 

       0.06535 

       0.05155 

        0.0334 

       0.20105 

       0.31905 

       0.07265 

/ 
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Schedule Section Include File – SCHEDULE.INC 

RPTSCHED  

FIP=3 WELLS=4 /  

 

RPTRST  

BASIC=3 FLOWS /  

 

WELSPECS  

--'WELL-A' is the simulation well name used to describe flow from 'WELL-A'  

--'WELL-B' is the simulation well name used to describe flow from 'WELL-B'  

--'WELL-X' is the simulation well name used to describe flow from 'WELL-X'  

--'WELL-C' is the simulation well name used to describe flow from 'WELL-C'  

--'WELL-D' is the simulation well name used to describe flow from 'WELL-D'  

 

WELL-A 'GROUP 1' 4 12 1* OIL /  

WELL-B 'GROUP 1' 12 14 1* OIL /  

WELL-X 'GROUP 1' 9 9 1* OIL /  

WELL-C 'GROUP 1' 6 4 1* OIL /  

WELL-D 'GROUP 1' 14 6 1* OIL /  

/  

 

COMPDAT  

--1 Name 2 i-location 3 j-location 4 k-location lower 5 k-location upper 6 OPEN/SHUT 7 Saturation Table Number 

8 Transmissibility factor  

--9 Wellbore diameter 10 Kh 11 Skin Factor 12 D-Factor 13 Direction well penetrates grid block 14 Ro (Pressure 

Equiv. Radius)  

 

WELL-A 4 12 1 5 OPEN 1* 2.2052E-002 0.62500 16.62 0.00 1* Z 65.02 /  

WELL-A 4 12 6 10 OPEN 1* 3.7958E-002 0.62500 28.61 0.00 1* Z 65.01 /  

WELL-A 4 12 11 15 OPEN 1* 2.0322E-002 0.62500 15.32 0.00 1* Z 65.01 /  

WELL-A 4 12 16 20 OPEN 1* 1.6486E-002 0.62500 12.43 0.00 1* Z 65.00 /  

WELL-A 4 12 21 26 OPEN 1* 2.0045E-002 0.62500 15.11 0.00 1* Z 65.02 /  

WELL-A 4 12 27 31 OPEN 1* 1.1420E-002 0.62500 8.61 0.00 1* Z 65.01 /  

WELL-A 4 12 32 36 OPEN 1* 2.1567E-002 0.62500 16.25 0.00 1* Z 65.00 /  

WELL-A 4 12 37 41 OPEN 1* 2.5383E-003 0.62500 1.91 0.00 1* Z 65.01 /  

WELL-A 4 12 42 46 OPEN 1* 1.1305E-003 0.62500 0.85 0.00 1* Z 65.01 /  

WELL-A 4 12 47 52 OPEN 1* 8.5754E-004 0.62500 0.65 0.00 1* Z 65.01 /  

WELL-A 4 12 53 57 OPEN 1* 8.3545E-004 0.62500 0.63 0.00 1* Z 64.99 /  

WELL-A 4 12 58 62 OPEN 1* 9.4706E-004 0.62500 0.71 0.00 1* Z 65.01 /  

WELL-A 4 12 63 67 OPEN 1* 1.9234E-005 0.62500 0.01 0.00 1* Z 64.96 /  

WELL-A 4 12 68 72 OPEN 1* 1.8231E-004 0.62500 0.14 0.00 1* Z 65.02 /  

WELL-A 4 12 73 78 OPEN 1* 1.7942E-004 0.62500 0.14 0.00 1* Z 65.01 /  

WELL-A 4 12 79 83 OPEN 1* 6.3789E-005 0.62500 0.05 0.00 1* Z 65.00 /  
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WELL-A 4 12 84 88 OPEN 1* 1.7129E-004 0.62500 0.13 0.00 1* Z 64.99 /  

WELL-A 4 12 89 93 OPEN 1* 3.8895E-004 0.62500 0.29 0.00 1* Z 64.99 /  

WELL-A 4 12 94 98 OPEN 1* 9.2432E-004 0.62500 0.70 0.00 1* Z 65.00 /  

WELL-A 4 12 99 104 OPEN 1* 1.9611E-002 0.62500 14.78 0.00 1* Z 65.00 /  

WELL-A 4 12 105 109 OPEN 1* 6.8394E-002 0.62500 51.55 0.00 1* Z 65.02 /  

WELL-A 4 12 110 114 OPEN 1* 1.5108E-004 0.62500 0.11 0.00 1* Z 65.02 /  

WELL-A 4 12 115 119 OPEN 1* 2.0158E-002 0.62500 15.19 0.00 1* Z 65.02 /  

WELL-A 4 12 120 124 OPEN 1* 6.6274E-003 0.62500 5.00 0.00 1* Z 65.02 /  

WELL-A 4 12 125 130 OPEN 1* 1.4562E-002 0.62500 10.98 0.00 1* Z 65.02 /  

WELL-A 4 12 131 135 OPEN 1* 7.1471E-003 0.62500 5.39 0.00 1* Z 65.02 /  

WELL-A 4 12 136 140 OPEN 1* 2.2564E-002 0.62500 17.01 0.00 1* Z 65.02 /  

WELL-A 4 12 141 145 OPEN 1* 4.5993E-002 0.62500 34.67 0.00 1* Z 65.02 /  

WELL-A 4 12 146 150 OPEN 1* 3.6475E-002 0.62500 27.49 0.00 1* Z 65.02 /  

WELL-A 4 12 151 156 OPEN 1* 5.4892E-003 0.62500 4.14 0.00 1* Z 65.02 /  

WELL-A 4 12 157 161 OPEN 1* 1.2174E-002 0.62500 9.18 0.00 1* Z 65.02 /  

WELL-A 4 12 162 166 OPEN 1* 1.7235E-002 0.62500 12.99 0.00 1* Z 65.02 /  

WELL-A 4 12 167 171 OPEN 1* 9.7752E-003 0.62500 7.37 0.00 1* Z 65.02 /  

WELL-A 4 12 172 176 OPEN 1* 1.8655E-002 0.62500 14.06 0.00 1* Z 65.02 /  

WELL-A 4 12 177 182 OPEN 1* 1.1822E-005 0.62500 0.01 0.00 1* Z 65.02 /  

WELL-A 4 12 346 350 OPEN 1* 3.1389E-007 0.62500 0.00 0.00 1* Z 65.01 /  

WELL-A 4 12 351 356 OPEN 1* 2.7178E-006 0.62500 0.00 0.00 1* Z 65.01 /  

WELL-B 12 14 1 5 OPEN 1* 2.3000E-002 0.62500 17.35 0.00 1* Z 65.32 /  

WELL-B 12 14 6 10 OPEN 1* 3.7374E-002 0.62500 28.19 0.00 1* Z 65.31 /  

WELL-B 12 14 11 15 OPEN 1* 3.4164E-003 0.62500 2.58 0.00 1* Z 65.31 /  

WELL-B 12 14 16 20 OPEN 1* 4.9662E-003 0.62500 3.75 0.00 1* Z 65.32 /  

WELL-B 12 14 21 26 OPEN 1* 1.1942E-003 0.62500 0.90 0.00 1* Z 65.32 /  

WELL-B 12 14 27 31 OPEN 1* 5.1284E-003 0.62500 3.87 0.00 1* Z 65.31 /  

WELL-B 12 14 32 36 OPEN 1* 4.2474E-003 0.62500 3.20 0.00 1* Z 65.32 /  

WELL-B 12 14 37 41 OPEN 1* 2.6919E-003 0.62500 2.03 0.00 1* Z 65.31 /  

WELL-B 12 14 42 46 OPEN 1* 5.0515E-004 0.62500 0.38 0.00 1* Z 65.32 /  

WELL-B 12 14 47 52 OPEN 1* 1.6560E-004 0.62500 0.12 0.00 1* Z 65.31 /  

WELL-B 12 14 53 57 OPEN 1* 1.1758E-004 0.62500 0.09 0.00 1* Z 65.31 /  

WELL-B 12 14 58 62 OPEN 1* 2.4138E-004 0.62500 0.18 0.00 1* Z 65.31 /  

WELL-B 12 14 63 67 OPEN 1* 1.9809E-004 0.62500 0.15 0.00 1* Z 65.31 /  

WELL-B 12 14 68 72 OPEN 1* 5.9354E-004 0.62500 0.45 0.00 1* Z 65.31 /  

WELL-B 12 14 73 78 OPEN 1* 2.3158E-005 0.62500 0.02 0.00 1* Z 65.31 /  

WELL-B 12 14 79 83 OPEN 1* 5.4117E-005 0.62500 0.04 0.00 1* Z 65.31 /  

WELL-B 12 14 84 88 OPEN 1* 2.0523E-004 0.62500 0.15 0.00 1* Z 65.31 /  

WELL-B 12 14 89 93 OPEN 1* 2.2731E-004 0.62500 0.17 0.00 1* Z 65.31 /  

WELL-B 12 14 94 98 OPEN 1* 3.7702E-004 0.62500 0.28 0.00 1* Z 65.31 /  

WELL-B 12 14 99 104 OPEN 1* 1.3948E-003 0.62500 1.05 0.00 1* Z 65.31 /  

WELL-B 12 14 105 109 OPEN 1* 4.3405E-002 0.62500 32.74 0.00 1* Z 65.32 /  

WELL-B 12 14 110 114 OPEN 1* 5.7536E-004 0.62500 0.43 0.00 1* Z 65.32 /  

WELL-B 12 14 115 119 OPEN 1* 8.4695E-005 0.62500 0.06 0.00 1* Z 65.32 /  

WELL-B 12 14 120 124 OPEN 1* 8.5399E-004 0.62500 0.64 0.00 1* Z 65.32 /  
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WELL-B 12 14 125 130 OPEN 1* 1.5918E-002 0.62500 12.01 0.00 1* Z 65.32 /  

WELL-B 12 14 131 135 OPEN 1* 6.0310E-004 0.62500 0.45 0.00 1* Z 65.32 /  

WELL-B 12 14 136 140 OPEN 1* 1.8083E-003 0.62500 1.36 0.00 1* Z 65.32 /  

WELL-B 12 14 141 145 OPEN 1* 9.0893E-002 0.62500 68.57 0.00 1* Z 65.32 /  

WELL-B 12 14 146 150 OPEN 1* 1.2521E-003 0.62500 0.94 0.00 1* Z 65.32 /  

WELL-B 12 14 151 156 OPEN 1* 9.5094E-004 0.62500 0.72 0.00 1* Z 65.32 /  

WELL-B 12 14 157 161 OPEN 1* 1.3432E-003 0.62500 1.01 0.00 1* Z 65.32 /  

WELL-B 12 14 162 166 OPEN 1* 6.2525E-004 0.62500 0.47 0.00 1* Z 65.32 /  

WELL-B 12 14 167 171 OPEN 1* 1.6627E-003 0.62500 1.25 0.00 1* Z 65.32 /  

WELL-B 12 14 172 176 OPEN 1* 1.4375E-002 0.62500 10.84 0.00 1* Z 65.32 /  

WELL-B 12 14 177 182 OPEN 1* 8.9390E-003 0.62500 6.74 0.00 1* Z 65.32 /  

WELL-B 12 14 315 319 OPEN 1* 1.6028E-008 0.62500 0.00 0.00 1* Z 65.31 /  

WELL-B 12 14 320 324 OPEN 1* 1.9249E-006 0.62500 0.00 0.00 1* Z 65.32 /  

WELL-B 12 14 325 330 OPEN 1* 5.0407E-006 0.62500 0.00 0.00 1* Z 65.32 /  

WELL-B 12 14 331 335 OPEN 1* 5.9063E-007 0.62500 0.00 0.00 1* Z 65.31 /  

WELL-B 12 14 336 340 OPEN 1* 2.3042E-006 0.62500 0.00 0.00 1* Z 65.31 /  

WELL-B 12 14 341 345 OPEN 1* 1.0145E-004 0.62500 0.08 0.00 1* Z 65.32 /  

WELL-B 12 14 346 350 OPEN 1* 7.2874E-004 0.62500 0.55 0.00 1* Z 65.32 /  

WELL-B 12 14 351 356 OPEN 1* 8.7042E-004 0.62500 0.66 0.00 1* Z 65.31 /  

WELL-X 9 9 1 5 OPEN 1* 1.0547E-003 0.62500 0.80 0.00 1* Z 65.53 /  

WELL-X 9 9 6 10 OPEN 1* 1.2065E-002 0.62500 9.11 0.00 1* Z 65.52 /  

WELL-X 9 9 11 15 OPEN 1* 8.1844E-003 0.62500 6.18 0.00 1* Z 65.52 /  

WELL-X 9 9 16 20 OPEN 1* 1.0894E-002 0.62500 8.22 0.00 1* Z 65.53 /  

WELL-X 9 9 21 26 OPEN 1* 4.5803E-003 0.62500 3.46 0.00 1* Z 65.53 /  

WELL-X 9 9 27 31 OPEN 1* 3.2093E-003 0.62500 2.42 0.00 1* Z 65.53 /  

WELL-X 9 9 32 36 OPEN 1* 3.7471E-003 0.62500 2.83 0.00 1* Z 65.51 /  

WELL-X 9 9 37 41 OPEN 1* 2.3461E-003 0.62500 1.77 0.00 1* Z 65.51 /  

WELL-X 9 9 42 46 OPEN 1* 1.1377E-004 0.62500 0.09 0.00 1* Z 65.51 /  

WELL-X 9 9 47 52 OPEN 1* 2.0105E-003 0.62500 1.52 0.00 1* Z 65.50 /  

WELL-X 9 9 53 57 OPEN 1* 1.6057E-004 0.62500 0.12 0.00 1* Z 65.53 /  

WELL-X 9 9 58 62 OPEN 1* 4.7668E-004 0.62500 0.36 0.00 1* Z 65.51 /  

WELL-X 9 9 63 67 OPEN 1* 1.9445E-004 0.62500 0.15 0.00 1* Z 65.49 /  

WELL-X 9 9 68 72 OPEN 1* 5.3562E-005 0.62500 0.04 0.00 1* Z 65.50 /  

WELL-X 9 9 73 78 OPEN 1* 2.6941E-004 0.62500 0.20 0.00 1* Z 65.51 /  

WELL-X 9 9 79 83 OPEN 1* 5.7263E-005 0.62500 0.04 0.00 1* Z 65.51 /  

WELL-X 9 9 84 88 OPEN 1* 5.1310E-004 0.62500 0.39 0.00 1* Z 65.52 /  

WELL-X 9 9 89 93 OPEN 1* 1.9898E-003 0.62500 1.50 0.00 1* Z 65.51 /  

WELL-X 9 9 94 98 OPEN 1* 4.8360E-004 0.62500 0.37 0.00 1* Z 65.51 /  

WELL-X 9 9 99 104 OPEN 1* 2.4846E-003 0.62500 1.88 0.00 1* Z 65.51 /  

WELL-X 9 9 105 109 OPEN 1* 7.3176E-002 0.62500 55.24 0.00 1* Z 65.53 /  

WELL-X 9 9 110 114 OPEN 1* 1.2503E-002 0.62500 9.44 0.00 1* Z 65.53 /  

WELL-X 9 9 115 119 OPEN 1* 6.5654E-002 0.62500 49.56 0.00 1* Z 65.53 /  

WELL-X 9 9 120 124 OPEN 1* 3.1419E-003 0.62500 2.37 0.00 1* Z 65.53 /  

WELL-X 9 9 125 130 OPEN 1* 6.2867E-002 0.62500 47.45 0.00 1* Z 65.53 /  

WELL-X 9 9 131 135 OPEN 1* 6.2544E-004 0.62500 0.47 0.00 1* Z 65.53 /  
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WELL-X 9 9 136 140 OPEN 1* 2.0411E-003 0.62500 1.54 0.00 1* Z 65.53 /  

WELL-X 9 9 141 145 OPEN 1* 5.3532E-003 0.62500 4.04 0.00 1* Z 65.53 /  

WELL-X 9 9 146 150 OPEN 1* 6.1187E-004 0.62500 0.46 0.00 1* Z 65.53 /  

WELL-X 9 9 151 156 OPEN 1* 1.9690E-002 0.62500 14.86 0.00 1* Z 65.53 /  

WELL-X 9 9 157 161 OPEN 1* 1.2672E-002 0.62500 9.57 0.00 1* Z 65.53 /  

WELL-X 9 9 162 166 OPEN 1* 5.1463E-003 0.62500 3.88 0.00 1* Z 65.53 /  

WELL-X 9 9 167 171 OPEN 1* 7.0216E-003 0.62500 5.30 0.00 1* Z 65.53 /  

WELL-X 9 9 172 176 OPEN 1* 7.1097E-003 0.62500 5.37 0.00 1* Z 65.53 /  

WELL-X 9 9 177 182 OPEN 1* 2.5288E-002 0.62500 19.09 0.00 1* Z 65.53 /  

WELL-X 9 9 336 340 OPEN 1* 1.9269E-006 0.62500 0.00 0.00 1* Z 65.52 /  

WELL-X 9 9 341 345 OPEN 1* 5.5079E-006 0.62500 0.00 0.00 1* Z 65.52 /  

WELL-X 9 9 346 350 OPEN 1* 2.8131E-005 0.62500 0.02 0.00 1* Z 65.53 /  

WELL-X 9 9 351 356 OPEN 1* 8.0746E-005 0.62500 0.06 0.00 1* Z 65.53 /  

WELL-C 6 4 1 5 OPEN 1* 2.4580E-003 0.62500 1.86 0.00 1* Z 66.58 /  

WELL-C 6 4 6 10 OPEN 1* 2.1960E-002 0.62500 16.63 0.00 1* Z 66.58 /  

WELL-C 6 4 11 15 OPEN 1* 5.9833E-002 0.62500 45.30 0.00 1* Z 66.58 /  

WELL-C 6 4 16 20 OPEN 1* 1.5287E-002 0.62500 11.57 0.00 1* Z 66.58 /  

WELL-C 6 4 21 26 OPEN 1* 8.6638E-003 0.62500 6.56 0.00 1* Z 66.58 /  

WELL-C 6 4 27 31 OPEN 1* 6.9287E-003 0.62500 5.25 0.00 1* Z 66.58 /  

WELL-C 6 4 32 36 OPEN 1* 1.9316E-003 0.62500 1.46 0.00 1* Z 66.58 /  

WELL-C 6 4 37 41 OPEN 1* 1.1903E-003 0.62500 0.90 0.00 1* Z 66.58 /  

WELL-C 6 4 42 46 OPEN 1* 9.5331E-005 0.62500 0.07 0.00 1* Z 66.58 /  

WELL-C 6 4 47 52 OPEN 1* 1.1013E-004 0.62500 0.08 0.00 1* Z 66.57 /  

WELL-C 6 4 53 57 OPEN 1* 8.6787E-005 0.62500 0.07 0.00 1* Z 66.58 /  

WELL-C 6 4 58 62 OPEN 1* 2.4164E-004 0.62500 0.18 0.00 1* Z 66.57 /  

WELL-C 6 4 63 67 OPEN 1* 1.2286E-004 0.62500 0.09 0.00 1* Z 66.57 /  

WELL-C 6 4 68 72 OPEN 1* 1.2080E-004 0.62500 0.09 0.00 1* Z 66.57 /  

WELL-C 6 4 73 78 OPEN 1* 2.8636E-004 0.62500 0.22 0.00 1* Z 66.58 /  

WELL-C 6 4 79 83 OPEN 1* 1.3071E-003 0.62500 0.99 0.00 1* Z 66.58 /  

WELL-C 6 4 84 88 OPEN 1* 5.0839E-004 0.62500 0.38 0.00 1* Z 66.58 /  

WELL-C 6 4 89 93 OPEN 1* 1.8764E-003 0.62500 1.42 0.00 1* Z 66.58 /  

WELL-C 6 4 94 98 OPEN 1* 1.6450E-003 0.62500 1.25 0.00 1* Z 66.58 /  

WELL-C 6 4 99 104 OPEN 1* 1.5170E-003 0.62500 1.15 0.00 1* Z 66.57 /  

WELL-C 6 4 105 109 OPEN 1* 1.3682E-002 0.62500 10.36 0.00 1* Z 66.58 /  

WELL-C 6 4 110 114 OPEN 1* 1.3820E-003 0.62500 1.05 0.00 1* Z 66.58 /  

WELL-C 6 4 115 119 OPEN 1* 9.4650E-004 0.62500 0.72 0.00 1* Z 66.58 /  

WELL-C 6 4 120 124 OPEN 1* 2.4229E-003 0.62500 1.83 0.00 1* Z 66.58 /  

WELL-C 6 4 125 130 OPEN 1* 2.0169E-002 0.62500 15.27 0.00 1* Z 66.58 /  

WELL-C 6 4 131 135 OPEN 1* 8.8246E-004 0.62500 0.67 0.00 1* Z 66.58 /  

WELL-C 6 4 136 140 OPEN 1* 7.3312E-004 0.62500 0.56 0.00 1* Z 66.58 /  

WELL-C 6 4 141 145 OPEN 1* 2.3263E-004 0.62500 0.18 0.00 1* Z 66.58 /  

WELL-C 6 4 146 150 OPEN 1* 1.2305E-003 0.62500 0.93 0.00 1* Z 66.58 /  

WELL-C 6 4 151 156 OPEN 1* 3.9988E-003 0.62500 3.03 0.00 1* Z 66.58 /  

WELL-C 6 4 157 161 OPEN 1* 6.0457E-003 0.62500 4.58 0.00 1* Z 66.58 /  

WELL-C 6 4 162 166 OPEN 1* 2.1069E-003 0.62500 1.60 0.00 1* Z 66.58 /  
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WELL-C 6 4 167 171 OPEN 1* 3.7567E-003 0.62500 2.84 0.00 1* Z 66.58 /  

WELL-C 6 4 172 176 OPEN 1* 3.2480E-003 0.62500 2.46 0.00 1* Z 66.58 /  

WELL-C 6 4 177 182 OPEN 1* 2.6381E-002 0.62500 19.97 0.00 1* Z 66.58 /  

WELL-C 6 4 341 345 OPEN 1* 1.0203E-006 0.62500 0.00 0.00 1* Z 66.58 /  

WELL-C 6 4 346 350 OPEN 1* 5.5643E-007 0.62500 0.00 0.00 1* Z 66.59 /  

WELL-C 6 4 351 356 OPEN 1* 2.1671E-006 0.62500 0.00 0.00 1* Z 66.58 /  

WELL-D 14 6 1 5 OPEN 1* 1.3072E-002 0.62500 9.87 0.00 1* Z 65.62 /  

WELL-D 14 6 6 10 OPEN 1* 8.4157E-003 0.62500 6.35 0.00 1* Z 65.62 /  

WELL-D 14 6 11 15 OPEN 1* 3.1186E-002 0.62500 23.55 0.00 1* Z 65.62 /  

WELL-D 14 6 16 20 OPEN 1* 1.8963E-004 0.62500 0.14 0.00 1* Z 65.62 /  

WELL-D 14 6 21 26 OPEN 1* 1.3329E-002 0.62500 10.06 0.00 1* Z 65.62 /  

WELL-D 14 6 27 31 OPEN 1* 8.3240E-003 0.62500 6.28 0.00 1* Z 65.62 /  

WELL-D 14 6 32 36 OPEN 1* 1.6775E-003 0.62500 1.27 0.00 1* Z 65.62 /  

WELL-D 14 6 37 41 OPEN 1* 1.9220E-003 0.62500 1.45 0.00 1* Z 65.62 /  

WELL-D 14 6 42 46 OPEN 1* 1.2880E-004 0.62500 0.10 0.00 1* Z 65.62 /  

WELL-D 14 6 47 52 OPEN 1* 4.3630E-004 0.62500 0.33 0.00 1* Z 65.62 /  

WELL-D 14 6 53 57 OPEN 1* 1.0733E-002 0.62500 8.10 0.00 1* Z 65.62 /  

WELL-D 14 6 58 62 OPEN 1* 1.2453E-005 0.62500 0.01 0.00 1* Z 65.62 /  

WELL-D 14 6 63 67 OPEN 1* 9.0808E-005 0.62500 0.07 0.00 1* Z 65.62 /  

WELL-D 14 6 68 72 OPEN 1* 1.1610E-004 0.62500 0.09 0.00 1* Z 65.62 /  

WELL-D 14 6 73 78 OPEN 1* 4.9965E-005 0.62500 0.04 0.00 1* Z 65.62 /  

WELL-D 14 6 79 83 OPEN 1* 1.1829E-003 0.62500 0.89 0.00 1* Z 65.62 /  

WELL-D 14 6 84 88 OPEN 1* 2.2424E-003 0.62500 1.69 0.00 1* Z 65.62 /  

WELL-D 14 6 89 93 OPEN 1* 8.0471E-005 0.62500 0.06 0.00 1* Z 65.62 /  

WELL-D 14 6 94 98 OPEN 1* 1.6261E-003 0.62500 1.23 0.00 1* Z 65.62 /  

WELL-D 14 6 99 104 OPEN 1* 1.2868E-003 0.62500 0.97 0.00 1* Z 65.62 /  

WELL-D 14 6 105 109 OPEN 1* 2.5974E-002 0.62500 19.61 0.00 1* Z 65.62 /  

WELL-D 14 6 110 114 OPEN 1* 1.0137E-003 0.62500 0.77 0.00 1* Z 65.62 /  

WELL-D 14 6 115 119 OPEN 1* 1.4604E-004 0.62500 0.11 0.00 1* Z 65.62 /  

WELL-D 14 6 120 124 OPEN 1* 1.5802E-003 0.62500 1.19 0.00 1* Z 65.62 /  

WELL-D 14 6 125 130 OPEN 1* 7.5645E-003 0.62500 5.71 0.00 1* Z 65.62 /  

WELL-D 14 6 131 135 OPEN 1* 7.0995E-004 0.62500 0.54 0.00 1* Z 65.62 /  

WELL-D 14 6 136 140 OPEN 1* 1.6091E-003 0.62500 1.21 0.00 1* Z 65.62 /  

WELL-D 14 6 141 145 OPEN 1* 1.9084E-003 0.62500 1.44 0.00 1* Z 65.62 /  

WELL-D 14 6 146 150 OPEN 1* 3.9266E-003 0.62500 2.96 0.00 1* Z 65.62 /  

WELL-D 14 6 151 156 OPEN 1* 2.2787E-002 0.62500 17.20 0.00 1* Z 65.62 /  

WELL-D 14 6 157 161 OPEN 1* 8.1203E-003 0.62500 6.13 0.00 1* Z 65.62 /  

WELL-D 14 6 162 166 OPEN 1* 4.0334E-003 0.62500 3.05 0.00 1* Z 65.62 /  

WELL-D 14 6 167 171 OPEN 1* 3.4890E-003 0.62500 2.63 0.00 1* Z 65.62 /  

WELL-D 14 6 172 176 OPEN 1* 2.6596E-002 0.62500 20.08 0.00 1* Z 65.62 /  

WELL-D 14 6 177 182 OPEN 1* 1.5325E-004 0.62500 0.12 0.00 1* Z 65.62 /  

WELL-D 14 6 331 335 OPEN 1* 5.4227E-008 0.62500 0.00 0.00 1* Z 65.63 /  

WELL-D 14 6 336 340 OPEN 1* 6.1832E-006 0.62500 0.00 0.00 1* Z 65.62 /  

WELL-D 14 6 341 345 OPEN 1* 9.3142E-008 0.62500 0.00 0.00 1* Z 65.64 /  

WELL-D 14 6 346 350 OPEN 1* 1.6361E-006 0.62500 0.00 0.00 1* Z 65.62 /  
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WELL-D 14 6 351 356 OPEN 1* 5.5866E-006 0.62500 0.00 0.00 1* Z 65.62 /  

/  

 

WCONPROD  

WELL-A SHUT ORAT 0.00 /  

WELL-B SHUT ORAT 0.00 /  

WELL-X SHUT ORAT 0.00 /  

WELL-C SHUT ORAT 0.00 /  

WELL-D SHUT ORAT 0.00 /  

/  

 

WPIMULT  

WELL-A 2 /  

WELL-B 5 /  

WELL-X 7.5 /  

WELL-C 7.5 /  

WELL-D 7.5 /  

/  

 

CECON  

WELL-A 5* 0.9 /  

WELL-B 5* 0.9 /  

WELL-X 5* 0.9 /  

WELL-C 5* 0.9 /  

WELL-D 5* 0.9 /  

/  

 

DATES  

21 MAY 2008 /  

/  

 

WELSPECS  

--'WELL-X' is the simulation well name used to describe flow from 'WELL-X'  

--  

WELL-X 'GROUP 1' 9 9 1* LIQ /  

/  

 

WCONPROD  

WELL-X OPEN ORAT 4.7775 8.7325 2.2715 /  

/  

 

DATES  

21 JUN 2008 /  

/  
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WCONPROD  

WELL-X OPEN ORAT 28.864499999999996 20.544999999999998 18.7985 /  

/  

 

DATES  

21 JUL 2008 /  

/  

 

WCONPROD  

WELL-X OPEN ORAT 85.4315 19.375999999999998 40.803 /  

/  

 

DATES  

21 AUG 2008 /  

/  

 

WELSPECS  

--'WELL-C' is the simulation well name used to describe flow from 'WELL-C'  

--'WELL-D' is the simulation well name used to describe flow from 'WELL-D'  

--  

WELL-C 'GROUP 1' 6 4 1* LIQ /  

WELL-D 'GROUP 1' 14 6 1* LIQ /  

/  

 

WCONPROD  

WELL-X OPEN ORAT 202.75499999999997 19.5265 110.10649999999998 /  

WELL-C OPEN ORAT 24.269 79.71249999999999 5.033 /  

WELL-D OPEN ORAT 19.4075 21.6895 3.6155 /  

/  

 

DATES  

21 SEP 2008 /  

/  

 

WELSPECS  

--'WELL-B' is the simulation well name used to describe flow from 'WELL-B'  

--  

WELL-B 'GROUP 1' 12 14 1* LIQ /  

/  

 

WCONPROD  

WELL-B OPEN ORAT 111.4995 47.599999999999994 179.599 /  

WELL-X OPEN ORAT 203.80849999999998 22.434999999999995 124.7995 /  

WELL-C OPEN ORAT 52.464999999999996 42.279999999999994 13.363 /  

WELL-D OPEN ORAT 120.8935 27.016499999999997 19.432 /  
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/  

 

DATES  

21 OCT 2008 /  

/  

 

WELSPECS  

--'WELL-A' is the simulation well name used to describe flow from 'WELL-A'  

--  

WELL-A 'GROUP 1' 4 12 1* LIQ /  

/  

 

WCONPROD  

WELL-A OPEN ORAT 37.449999999999996 0.322 5.705 /  

WELL-B OPEN ORAT 8.309 4.018 7.294 /  

WELL-X OPEN ORAT 145.46699999999998 15.4385 115.577 /  

WELL-C OPEN ORAT 47.453 41.5345 9.936499999999999 /  

WELL-D OPEN ORAT 49.3045 13.180999999999997 7.661499999999999 /  

/  

 

DATES  

21 NOV 2008 /  

/  

 

WCONPROD  

WELL-A OPEN ORAT 6.5695 59.3425 9.663499999999999 /  

WELL-B OPEN ORAT 144.8335 72.0615 251.1635 /  

WELL-X OPEN ORAT 71.96 14.623 80.71 /  

WELL-C OPEN ORAT 88.93499999999999 50.4525 18.133499999999998 /  

WELL-D OPEN ORAT 93.8385 28.461999999999996 15.386 /  

/  

 

DATES  

21 DEC 2008 /  

/  

 

WCONPROD  

WELL-A SHUT ORAT 0.0 0.0 0.0 /  

WELL-B OPEN ORAT 41.482 16.9715 89.509 /  

WELL-X SHUT ORAT 0.0 0.0 0.0 /  

WELL-C OPEN ORAT 79.961 49.549499999999995 23.807 /  

WELL-D OPEN ORAT 82.8695 23.740499999999997 22.389499999999998 /  

/  

 

DATES  
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21 JAN 2009 /  

/  

 

WCONPROD  

WELL-B OPEN ORAT 0.0 0.0 0.13299999999999998 /  

WELL-C OPEN ORAT 58.14549999999999 35.924 13.1705 /  

WELL-D OPEN ORAT 89.05399999999999 21.174999999999997 12.621 /  

/  

 

WCONINJE  

WELL-X WATER OPEN RATE 55.3 1* 3232 /  

/  

 

DATES  

21 FEB 2009 /  

/  

 

(…) 

 

DATES  

21 DEC 2009 /  

/  

 

WCONPROD  

WELL-A OPEN ORAT 88.8895 47.4635 166.4425 /  

WELL-B OPEN ORAT 110.901 25.031999999999996 242.60249999999996 /  

WELL-C OPEN ORAT 75.44949999999999 22.526 19.7085 /  

WELL-D OPEN ORAT 81.1265 20.9965 15.718499999999997 /  

/  

 

WCONINJE  

WELL-X WATER SHUT RATE 0.0 1* 3232 /  

/  

 

WELLSTRE  

'LPG' 0.08 0.14 0.39 0.33 0.06 /  

/  

 

WINJOIL  

WELL-X STREAM 'LPG' /  

/  

 

WCONINJE  

WELL-X HCOIL OPEN RATE 136.02399999999997 1* 3232 /  

/  
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DATES  

21 JAN 2010 /  

/  

 

(…) 

 

--==========START OF FORECAST SIMULATION=============  

 

DATES  

21 AUG 2016 /  

/  

 

WCONPROD  

WELL-A OPEN ORAT 300 /  

WELL-B OPEN ORAT 300 /  

WELL-C OPEN ORAT 300 /  

WELL-D OPEN ORAT 300 /  

/  

 

WCONINJE  

WELL-X HCOIL OPEN RATE $a 1* 3232 /  

/  

 

DATES  

21 SEP 2016 /  

/  

 

DATES  

21 OCT 2016 /  

/  

 

DATES  

21 NOV 2016 /  

/  

 

DATES  

21 DEC 2016 /  

/  

 

DATES  

21 JAN 2017 /  

/  

 

DATES  
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21 FEB 2017 /  

/  

 

WCONINJE  

WELL-X WATER OPEN RATE $b 1* 3232 /  

/ 

 

DATES  

21 MAR 2017 /  

/  

 

DATES  

21 APR 2017 /  

/   

 

DATES  

21 MAY 2017 /  

/  

 

DATES  

21 JUN 2017 /  

/  

 

DATES  

21 JUL 2017 /  

/  

 

DATES  

21 AUG 2017 /  

/  

 

WCONINJE  

WELL-X HCOIL OPEN RATE $a 1* 3232 /  

/  

 

(…) 

 

DATES  

21 AUG 2024 /  

/  

 

WCONINJE  

WELL-X HCOIL OPEN RATE $a 1* 3232 /  

/  

 


