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understanding – those who understand are more likely to survive.”  
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Resumo 

Este projeto consiste no trabalho desenvolvido no âmbito da unidade curricular 

Dissertação, durante a realização de um estágio académico na Process System Enterprise 

Limited, no contexto de modelação de reservatórios de petróleo na área de captura e 

armazenamento de carbono. 

Este estudo é motivado pela importância da previsão do comportamento de reservatórios 

na produção de petróleo e na avaliação da sua propensão para armazenamento de dióxido 

de carbono. 

Neste relatório é realizada uma revisão das mais importantes propriedades do reservatório 

e dos fluídos nele contidos. Quanto ao reservatório são também analisados e avaliados os 

diferentes tipos de produção, tendo por base a recuperação de petróleo. 

A análise nodal é apresentada como o tipo de modelo utilizado e é feita uma descrição 

detalhada da fase de modulação, na qual são explicadas as equações implementadas. 

Seguidamente, são utilizados dois casos de estudo para validação e análise de 

sensibilidade do modelo. 

Após a execução de simulações, foi possível concluir que apesar das simplificações 

aplicadas, o modelo e capaz de prever corretamente o comportamento de um reservatório 

com mecanismo de gás em solução. Contudo, a baixas pressões o desempenho do 

reservatório não é bem descrito devido a grande quantidade de gás que torna o 

reservatório mais semelhante a um reservatório de gás. 

 

 

Palavras-chave:    reservatório de petróleo, análise nodal, mecanismo de 

gás em solução, modulação.
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Abstract 

This project consists on the work developed in the Dissertation course during an academic 

internship at Process System Enterprise Ltd, in the context of reservoir modelling within 

the carbon capture and storage (CCS) field. 

The motivation for this study was the importance of predicting reservoir’s performance on 

the oil production side and on evaluating the reservoir’s propensity to injection of carbon 

dioxide. 

This monography comprises a review on reservoir and fluids’ most important properties 

and, on the reservoir side, the types of drive mechanisms are analysed and evaluated, 

based on the ultimate oil recovery.  

Then Nodal Analysis was chosen as the model-type and a full description of the modelling 

stage is made, in which the model equations are explained. Subsequently, two case 

studies are used to the model’s validation and sensitivity analysis. 

From the simulations executed, it was possible to conclude that despite the simplifications 

applied, the model is capable of correctly predict the behaviour of a solution-gas drive 

reservoir. However, at low reservoir pressures the reservoir’s performance is not well 

described as the high amount of gas present makes it similar to a gas reservoir. 

 

 

Keywords:      oil reservoir, nodal analysis, solution-gas drive, 

modelling. 
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1 Introduction 

Petroleum occurs throughout the earth in different forms, as gas, liquid or solid. It 

consists essentially on a mixture of hydrocarbon compounds that can also contain slight 

amounts of nitrogen, oxygen and sulphur compounds (Barker et al. 2005, Levorsen 1956). 

While organic matter is buried in sediments, in a reducing environment, and subjected to 

increasing temperature and pressure, petroleum is created as an intermediate in a 

transformation process that ultimately leads to methane and graphite (Barker et al. 2005). 

The processes involved in petroleum generation in the source rock are the migration out of 

that rock and to the reservoir, maturation and alteration which operate to change the 

composition of the petroleum, after it has accumulated in the reservoir (Barker et al. 

2005). 

Buoyancy is the leading driving force in oil accumulation. Being lighter than water, oil 

rises and is concentrated in the highest part of the container. In order to prevent its 

escape, the upper contact of the porous rock with impermeable cover must be concave. 

Such a container is called a trap, and the portion of the trap that holds the oil is called 

reservoir.  Many traps result from complex combinations of structural and stratigraphic 

variations (Barker et al. 2005, Levorsen 1956).  

Because of its association with rocks, petroleum is considered one of the “mineral 

resources” and is commonly called mineral fuel. When in the liquid phase it is entitled 

crude oil (Levorsen 1956).  

The “black oil” fluid in the reservoir consists of oil with or without a gas phase which can 

be partially dissolved in the oil depending on the reservoir temperature and pressure. The 

type of reservoir also depends on whether water is present in the reservoir (Reinicke et al. 

2014, David Martin and Colpitts 1996). 

Petroleum’s commercial importance became apparent after the middle of the nineteenth 

century when it was first discovered in large quantities underground, creating interest 

around its origin (Levorsen 1956).  

The development of reservoir models is a very important matter to avoid excessive 

spending on reservoir exploitation. 
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1.1  Motivation and Objective 

Process System Enterprise Ltd (PSE) is the world’s leading purveyor of Advanced Process 

Modelling technology and related model-based engineering services to process industries. 

The gPROMS® platform, provided by PSE, enables the costumers to reduce uncertainty and 

make better, faster and safer design and operating decisions concerning their processes 

(PSE). 

gCCS, the first full-chain modelling software for carbon capture and storage (CCS), was 

first launched on July 9th 2014, and on July 31st of the same year it was announced that it 

would be part of the Shell Peterhead CCS project. This modelling tool contains steady-

state and dynamic models of all major CCS operations such as power generation, 

compression, capture and injection (PSE 2014b, a). 

The reservoir plays an important role in the carbon storage, when enhanced oil recovery 

(EOR) by injection of carbon dioxide is considered. Hence, modelling the reservoir’s 

performance can help evaluate both its production capacity and propensity for EOR. 

1.2 Structure of the thesis 

Chapter 2 reviews the reservoir and fluids’ properties which are crucial to oil and gas 

production’s estimation such as density, viscosity and permeability. In addition, the 

different types of drive mechanisms during primary recovery are presented, and this 

recovery stage is differentiated from enhanced oil recovery. 

The materials and methods section, chapter 3, presents the gPROMS® ModelBuilder 

platform which was used to develop the reservoir model. 

In chapter 4 the Nodal analysis method is introduced, and it is explained how it was 

implemented in gPROMS®. In the same section all the equations and correlations used for 

modelling the reservoir are discretized. 

The model validation is described in chapter 5. Two case studies were performed, one 

idealized reservoir and the Lousiana volatile-oil reservoir, in order to validate the 

equations implemented. As part of the validation procedure, it is also made the discussion 

of the results for each case. 

The final main chapter contains the conclusions of this study and the future work. 

In the appendix sections, the full data from the case studies’ reservoirs and supplementary 

results from the simulations are shown. 
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2 Background 

2.1  Reservoirs’ Fluids Properties 

The physical properties and crude oils’ compositions vary extensively with the location of 

the reservoir and the stage of oil production (Hocking 2005). 

The key fluid properties that require special attention are the formation volume factors ܤ, 

which are given by the ratio of the fluid’s volume at reservoir conditions to a unit volume 

at the surface; the bubble-point pressure ݌௕௣; the dissolved-gas oil ratio ܴ௦; the viscosity ߤ; the surface and in situ densities � and compressibility ܿ. 

The gas properties are calculated by equation 2-1, which is the real-gas equation with a 

gas deviation factor � that accounts for non-ideal behaviour. This factor needs to be 

estimated as a function of reservoir temperature and pressure and this dependence is 

showed in Fig. 2-1 (Reinicke et al. 2014, Craft and Hawkins 1991, David Martin and Colpitts 

1996). ܲ� = �ܴ݊ܶ                                                   (2-1) 

 

Fig. 2-1 – Effect of temperature, pressure and composition on the gas deviation factor (Craft and Hawkins 

1991). 

2.2  Properties of fluid-containing rocks 

Rock properties are determined by laboratory analysis on cores from the reservoir. The 

cores are removed from the reservoir environment, which induces changes in the core bulk 

volume, pore volume, reservoir fluid saturations and, sometimes, formation wettability. 
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The effect of these changes on rock properties may range from negligible to substantial, 

depending on the characteristics of the formation and property of interest. 

The main properties are porosity, permeability, saturation, overburden pressure, capillary 

pressure, wettability, surface and interfacial tension. These property data are essential 

for reservoir engineering calculations as they directly affect both the quantity and the 

distribution of hydrocarbons and, when combined with fluid properties, control the flow 

existing phases within the reservoir (Ahmed 2006). 

2.2.1 Porosity 

The porosity of a rock � is a measure of the storage capacity that is capable of holding 

fluids. It must be estimated for the entire reservoir and it is affected by compactness, 

character and amount of cementation, shape and arrangement of grains and by uniformity 

of grain size and distribution (Reinicke et al. 2014, David Martin and Colpitts 1996). 

As sediments were deposited during rocks’ formation, some void spaces developed became 

isolated from the others by excessive cementation. This result on the existence of two 

distinct types of porosity: absolute and effective porosity (Ahmed 2006, David Martin and 

Colpitts 1996). 

The absolute porosity is defined as the ratio of the total pore space in the rock to that of 

the bulk volume. A reservoir may have high porosity but it might not be accessible to 

fluids’ flow for lack of pore interconnection. 

The effective porosity, used in all reservoir engineering calculations, represents the 

interconnected pore space that contains the recoverable hydrocarbon fluids (Ahmed 

2006). 

The reservoir rock may generally show large variations in porosity vertically but does not 

show significant variations in porosity parallel to the bedding planes. Porosity of oil-

bearing sandstones is 15% to 30%, and it is higher than limestones and dolomites’ porosity 

(0 to 20%) (Ahmed 2006, Reinicke et al. 2014, David Martin and Colpitts 1996). 

2.2.2 Permeability 

The permeability, ݇, is expressed in units of Darcy and represents a resistance to flow 

caused by the tortuosity of the pore network. It is given by the Darcy equation for the flow 

rate, which is represented in equation 2-2, where ݍ is the flow rate, ∆݌ is the pressure 
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difference, ܮ is the length and ܣ is the area, ߤ has the same meaning as previously 

mentioned.  

݇ = ௤ఓ௅஺∆௣                                                          (2-2) 

The rock permeability controls the directional movement and the flow rate of the 

reservoir fluids in the formation (Ahmed 2006, Reinicke et al. 2014). 

An adequate knowledge of permeability distribution is critical due to the prediction of 

reservoir depletion by any recovery process. It is rare to encounter a homogeneous 

reservoir in actual practice. In many cases, the reservoir contains distinct layers, blocks, 

or concentric rings of varying permeability.  

Where smaller-scale heterogeneities exist, permeability must be averaged depending on 

how its values are distributed in the reservoir (David Martin and Colpitts 1996). 

2.2.3 Rock compressibility 

A reservoir, situated thousands of feet underground, is under an overburden pressure 

triggered by the weight of the overlying formations. Overburden pressures vary with 

region depending on factors such as depth, nature of structure, consolidation of the 

formation, and possibly the geologic age and history of the rocks. However, depth of the 

formation is the most important factor to consider (Ahmed 2006). 

The compressible force (pressure) applied to the reservoir by the weight of the 

overburden does not approach the overburden pressure. The difference between 

overburden and internal pore pressure is called effective overburden pressure. 

Throughout the pressure depletion processes, the internal pore pressure decreases, and so 

effective overburden pressure increases causing the reduction of the bulk volume of the 

reservoir, and expansion of the sand grains within pore spaces (Ahmed 2006). 

These two volume changes tend to reduce the pore space and, therefore, the porosity of 

the rock. Compressibility typically decreases with increasing porosity and effective 

overburden pressure (Ahmed 2006, Reinicke et al. 2014). 

For most petroleum reservoirs, the rock and bulk compressibility are considered small 

when compared with the pore compressibility, ܿ௣. Accordingly, the common term used to 

describe the total compressibility is the formation compressibility ௙ܿ and it is set equal to ܿ௣. In general, the formation compressibility is the same order of magnitude as the 
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compressibility of the oil and water and, therefore, cannot be regulated (Ahmed 2006, 

David Martin and Colpitts 1996). 

2.2.4 Saturation 

Saturation is defined as the fraction of pore volume that a particular fluid occupies. The 

densities of the fluids define the way fluids are separated, i.e. oil overlain by gas and 

underlain by water. Connate or interstitial water also exists throughout the oil and gas, as 

it is retained by forces, called capillary forces because they are only significant in pore 

spaces of capillary size. 

Critical saturation ܵ௖ is what the fluids must exceed to flow, and at this particular 

saturation it does not flow. After the displacement operation of the oil from the pores by 

water or gas injection, the remaining oil is characterized by the residual oil saturation. 

According to the previous types of saturation, movable saturation ܵ௢௠ can be defined as 

the fraction of pore volume occupied by movable oil, given by equation 2-3, in which ܵ௪௖ 

and ܵ௢௖ are the critical saturations of water and oil, respectively (Ahmed 2006). ܵ௢௠ = ͳ − ܵ௪௖ − ܵ௢௖                                                      (2-3) 

2.2.5 Wettability 

Wettability is the tendency of one fluid to adhere to a solid surface in the presence of 

other immiscible fluids. This property is expressed by measuring the angle of contact at 

the liquid-solid surface. This angle, termed contact angle �, is always measured through 

the liquid to the solid (see Fig. 2-2). 

 

Fig. 2-2 – Rock wettability (Reinicke et al. 2014). 

Surface and interfacial tensions � are the surface free energy resulting from molecular 

interactions, which affects the capillary pressure. When temperature increases or 

dissolved gas is present, surface tension of crude oil decreases (Reinicke et al. 2014, David 

Martin and Colpitts 1996). 
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2.2.6 Capillary Pressure 

The capillary forces result from the combined effect of the surface and interfacial 

tensions of the rock and fluids, the pore size and geometry, and the wetting 

characteristics of the system (Ahmed 2006). 

When two immiscible fluids are in contact, a discontinuity in pressure appears between 

the two fluids, which depends upon the curvature of the interface separating the fluids. 

This pressure difference is the capillary pressure ௖ܲ and it is expressed by equation 2-4 

where the subscripts ݊ݓ and ݓ are for the non-wetting and wetting phases, respectively 

(Ahmed 2006, Reinicke et al. 2014, David Martin and Colpitts 1996). 

௖ܲ = ௡௪݌ −  ௪                                                      (2-4)݌

In order to uphold a porous medium partially saturated with non-wetting fluid and while in 

presence of the wetting fluid, maintaining the pressure of the non-wetting fluid at a value 

greater than that in the wetting fluid is essential. That is, the pressure excess in the non-

wetting fluid is the capillary pressure, and this quantity is a function of saturation (Ahmed 

2006, Reinicke et al. 2014).  

2.3 Flow geometries 

Although the real path of the fluids in the porous medium is irregular, the average paths 

may be represented by three flow geometries: linear, radial and spherical, from which the 

first two have the greatest practical interest (see Fig. 2-3). 

The linear flow consists on parallel flow lines, in a cross section with constant flow. In the 

radial flow, straight flow lines converge toward the centre which represents the well. 

Finally, the spherical flow is represented by straight flow lines that converge toward a 

common centre in three dimensions (Craft and Hawkins 1991). 

 

Fig. 2-3 – Illustration of the three flow geometries (Craft and Hawkins 1991). 
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2.4  Primary Recovery  

The first fraction of crude oil is recovered from the reservoir by fluids expansion, as it is 

trapped under pressure in the rock. When pressure starts to drop, the oil’s movement 

through the wellbore decreases requiring the installation of pumps to lift the oil to the 

surface (Craft and Hawkins 1991, David Martin and Colpitts 1996). 

As production continues, pressure declines and it is required that a fluid enters the 

reservoir to maintain pressure. The amount of oil that can be produced by the natural 

reservoir energy depends on the reservoir type which can be water-drive, solution-gas 

drive, gas-cap drive or gravity drainage drive reservoir (Ahmed 2006, Reinicke et al. 2014, 

David Martin and Colpitts 1996, Craft and Hawkins 1991). 

2.4.1 Water-drive reservoir 

In this type of reservoir there is a connection between the oil and a porous, water 

saturated rock called aquifer. It is the pressure caused by this compressed water that 

forces the oil to the surface. Fig. 2-4 shows a sketch of an idealized system of a reservoir 

and an edge aquifer (Craft and Hawkins 1991, Ahmed 2006). 

 

Fig. 2-4 – Top view of an idealized reservoir and an edge aquifer (Sureshjani and Gerami 2011). 

As pressure is reduced gradually during oil and gas production, a natural water-flood is 

created, displacing the oil in the reservoir almost volume by volume. 

This natural displacement maintains pressure, stopping gas from evolving from solution. As 

a result, the producing gas-oil ratio suffers little change, particularly if there is no free 

gas initially present in the reservoir. 
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The ultimate oil recovery achieved in this type of reservoir is usually much larger than 

under any other mechanisms. However, it depends upon the encroachment efficiency of 

the water, which decreases with the heterogeneity increase of the rock, because of the 

unevenly spreading of the water (Ahmed 2006, Sureshjani and Gerami 2011, Reinicke et 

al. 2014, Craft and Hawkins 1991). 

The ultimate oil recovery ranges from 35% to 75% of the original oil in place (Ahmed 2006). 

2.4.2 Solution-gas reservoir 

Crude oil under high pressure can contain a significant amount of dissolved gas. When oil 

is produced, pressure in the reservoir decreases and in some regions it can drop below the 

bubble-point pressure, which leads to gas escape (Craft and Hawkins 1991). 

In this type of reservoir the pressure drops rapidly and continuously as there are no 

extraneous fluids or gas caps to displace the oil removed until the bubble point is reached. 

When the reservoir pressure reaches the bubble point, the gas evolves from solution 

throughout the reservoir, and once the critical gas saturation is exceeded, the free gas 

flows towards the wellbore and gas-oil ratio increases.  

The formation of gas saturation along the reservoir contributes for this type of drive 

mechanism to be the least efficient method when it comes to ultimate recovery. It can 

vary from 5% to about 30% (Ahmed 2006, Craft and Hawkins 1991).  

2.4.3 Gas-cap drive reservoir 

The displacement of oil is due to the expansion of compressed gas on the top of the 

reservoir called gas-cap, when pressure decreases during oil production (see Fig. 2-5). 

 

Fig. 2-5 – Gas-cap expansion (Reinicke et al. 2014). 
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The reservoir pressure decreases slowly, tending to being maintained higher than in a 

solution-gas drive reservoir. The degree at which pressure can be maintained depends on 

the volume of the gas cap compared to the oil in the reservoir. 

The pressure wave from the gas cap expansion, combined with the fact that no gas 

saturation is being formed makes this type of drive achieve a recovery that ranges from 

20% to 40% (Ahmed 2006, Reinicke et al. 2014). 

2.4.4 Gravity drainage drive reservoir 

This drive mechanism is a result of differences in densities of the fluids in the reservoir. 

The action of the gravitational forces in the fluids determines the relative positions of 

fluids: gas on top, oil underlying the gas, and water underlying the oil. 

During the long periods of time of petroleum accumulation and migration processes, it is 

assumed that the reservoir fluids are in equilibrium, which means that gas-oil and 

oil-water interfaces are essentially horizontal (Ahmed 2006). 

Gravity drainage of fluids is present in all reservoirs, but it may have larger contribution to 

oil production in some reservoirs. 

The rate of pressure decline on this type of mechanism depends mainly upon the amount 

of gas conservation. If the reservoir operates only under drainage drive, pressure will 

decline rapidly.  

The evolved gas migrates to the top of the field due to gravitational segregation of the 

fluids, which leads to low gas-oil ratio when producing from low wells. On the other hand, 

high wells will involve increasing gas-oil ratio. 

Ultimate recovery will vary widely, depending on the extent of depletion of gravity 

drainage alone. In this type of reservoir it is important that the oil saturation near the 

well is maintained as high as possible, because high oil saturation means a higher oil 

flowrate and lower gas flowrate. 

Gravity drainage mechanism is best exploit if the wells are located as low as possible to 

avoid any gas near the well. Also, permeability, oil viscosity, and producing rates are 

major factors affecting the ultimate recovery (Ahmed 2006). 
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2.5  Secondary and Enhanced Oil Recoveries 

When the rate of oil production declines, it can be increased by injecting secondary 

energy as gas or water, in order to maintain pressure in the reservoir. 

The injection of water is in some cases designed to disposal of brine water or to 

implement a water-drive, after primary recovery. If permeability is too low, gas injection 

is preferred as the rate of water injection may be low (Reinicke et al. 2014). 

The enhanced oil recovery (EOR) processes are the techniques which allow a higher 

recovery than primary or secondary recovery. These techniques include miscible 

processes, chemical oil flooding, thermal recovery and microbial processes (Reinicke et al. 

2014, David Martin and Colpitts 1996). 

2.5.1 Mobility control 

The mobility of any fluid, ߣ, is given by equation 2-5, which represents the ratio of the 

fluid’s permeability to its viscosity. ߣ = ௞ఓ                                                          (2-5) 

The mobility ratio ܯ is calculated by equation 2-6. ܯ = ఒ೏�ೞ೛�ೌ೎�೙೒ ೑�ೠ�೏ఒ೏�ೞ೛�ೌ೎೐೏ ೑�ೠ�೏                                                    (2-6) 

To improve the displacement efficiency, the mobility ratio should be reduced to one or 

less, which is called mobility control (Ahmed 2006, Dake 1978, Sureshjani and Gerami 

2011). 

2.5.2 Water flooding 

Water flooding is the most common method of secondary recovery, but before undertaking 

this process it is necessary to consider factors such as reservoir geometry and depth, fluids 

and rock properties and fluid saturations (Ahmed 2006). 

As the oil is moving in head from the injected water front, its permeability must be 

evaluated at the initial water saturation. 

The water’s mobility before breakthrough will be constant, as water permeability is 

characterized by average water saturation. After breakthrough, the water average 

saturation increases, which increases the mobility ratio (Ahmed 2006, Dake 1978). 
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The determination of the optimum time to water-flood is based on oil recovery prediction, 

production flowrates and on the costs of maintenance and monetary investment (Ahmed 

2006). 

2.5.3 Carbon dioxide flooding 

Carbon dioxide, CO2, is injected in the reservoir as gas, and its high solubility in oil has 

favourable effects on oil recovery. When CO2 is dissolved, oil saturation increases above 

the residual saturation, increasing oil’s permeability. Also, oil’s viscosity is reduced, 

improving the mobility control (Ahmed 2006, Dake 1978). 

This type of enhanced oil recovery also enables the CO2 storage, for which it is required 

that the reservoir is situated at depths below 800 m, where it is in a liquid or supercritical 

state. 

Once injected in the reservoir, the fraction of CO2 retained depends on physical and 

geochemical trapping mechanisms, such as an impermeable layer (“cap rock”), and 

capillary forces, respectively (Metz et al. 2005).  
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3 Materials and Methods 

3.1 gPROMS® ModelBuilder 

gPROMS® ModelBuilder 4.1.0 was the platform used to develop the reservoir model. This 

advanced modelling and flowsheeting tool is the heart of the gPROMS® products (see 

Fig. 3-1). 

ModelBuilder is used to build, validate and execute steady-state and dynamic process 

models of any complexity. It combines industry-leading custom modelling competences 

with a process flowsheeting environment, to offer the process industries the most 

powerful advanced process modelling tool (PSE). 

The conception of a new model entity enables the user to write the model equation in the 

language tab, build the input window, by defining the required inputs in the interface 

language tab, and select the icon of the model in the interface tab. 

For this project, after the implementation of the equations, a Process Entity was created 

for each simulation to define how it should be performed. The simulations can be 

executed for a chosen period of time, or it can be selected a condition which will 

determine the end of the simulation. This is defined on the Schedule tab of the Process. 

 

Fig. 3-1 – gPROMS ModelBuilder appearance. 
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4 Mathematical Description 

4.1  Nodal Analysis 

The nodal analysis procedure consists of selecting a division point in the producing well 

and dividing the system into a reservoir dominated component and a piping system 

component. 

All the components upstream of the node compromise the inflow section (reservoir), while 

all of the components downstream influence the outflow section (pipes). 

The method’s implementation requires that the flow into the node equals the flow out of 

the node, and that only one pressure exists at the node (Beggs 2003). 

The pressure drop in the reservoir varies with flowrate, and if the node’s pressure ݌௡௢ௗ௘ is 

plotted against oil flowrate ݍ௢, two curves will be produced, i.e. one for each section, 

which result from the pressure losses in the respective component. The intersection of the 

two curves will give the conditions that satisfy the requirements of the method (see 

Fig. 4-1). 

 

Fig. 4-1 – Nodal analysis plot (Beggs 2003). 

At a particular time of the systems’ life, two pressures are fixed, i.e. they are not a 

function of the production flowrate. These pressures are the reservoir average pressure 

and the system’s outlet pressure which usually is the separator pressure. However, if 

either pressure suffers changes, the curves will change, and the intersection will be 

shifted. This leads to a new flowrate and a new node’s pressure (Beggs 2003). 
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4.1.1 Reservoir: Solution-gas drive modelling 

This model considers the node at the bottom hole of the production well, and the 

separator pressure as the outlet pressure of the whole system. 

As oil is produced, the average reservoir pressure decreases, but it is also important to 

analyse the pressure profile inside the reservoir. Equation 4-1 relates the pressure inside 

the reservoir with the radius ݎ, and a typical pressure profile is shown in Fig. 4-2 (Reinicke 

et al. 2014).  

ሻݎሺ݌ − ௪௙݌ = ଵସଵ.ଶ௤೚ఓ೚஻೚௞೚ℎ �n ቀ ௥௥�ቁ                                         (4-1) 

Where ݌ is the pressure at radius ݌ ,ݎ௪௙ is the wellbore flowing pressure, ℎ is the reservoir 

thickness, and ݎ௪ the radius of the well. This profile considers radial and horizontal flow of 

oil. 

 

Fig. 4-2 – Illustration of a reservoir and its pressure profile. 

The pressure inside the reservoir decreases as it gets near the production well, and during 

oil production the pressure profile is altered because of the drop in the average reservoir 

pressure. This alteration in the pressure profile is illustrated in Fig. 4-3.  

 

Fig. 4-3 – Reservoir’s pressure profile at different production times. 

p
r 

(p
si

a
) 

r (ft) 

0 days

5 days

10 days



Development of a reduced-order model for oil and gas reservoirs 

Mathematical Description  16 
 

The inflow performance relationship (IPR), which relates the wellbore flowing pressure 

with the average reservoir pressure ݌ோ̅̅ ̅ to obtain the oil flowrate, is represented by Darcy’s 

law (equation 4-2) (Chen 2007, Beggs 2003). 

௢ݍ = ௞೚ℎ(௣�̅̅ ̅̅ −௣�೑)ఓ೚஻೚[݈݊ሺ௥೐ ௥�⁄ ሻ−଴.଻ହ]                                                (4-2) 

Where ݎ௘ is the radius of the drainage area of the reservoir. 

The IPR curve is affected by the changes in oil properties as relative permeability and 

viscosity. Moreover, it is important to consider gas evolving from solution if pressure drops 

below the bubble point pressure. 

Both equation 4-1 and equation 4-2 are obtained from Darcy’s law, but the first one was 

rearranged to calculate pressure, while the second is used to calculate the flowrate, 

based on the pressures at the end and beginning of the system. The combination of the 

two ways of writing the same equation allows to model oil’s behaviour inside the 

reservoir, assuming a constant production flowrate flowing in the reservoir and entering 

the well. 

The presence of water, when above its irreducible saturation will also affect the 

production flowrate, which will now contain water, and consequently the pressure profile 

will be changed.  

The water flowrate is expressed by equation 4-3, and the reservoir pressure profile will 

be, in this case, written as a function of the total flowrate and of the two fluids’ 

properties (Craft and Hawkins 1991). 

௪ݍ = ௞�ℎ(௣�̅̅ ̅̅ −௣�೑)ఓw஻w[௟௡ሺ௥೐ ௥�⁄ ሻ−଴.଻ହ]          (4-3) 

As water and oil are produced, both quantities will be important to evaluate the decrease 

in average reservoir pressure. Equation 4-4 relates the initial average reservoir pressure ݌ோ̅̅ ̅� with the cumulative productions of oil ௢ܰ and water ௪ܰ (Ahmed 2006). 

ோ̅̅݌ ̅ = ோ̅̅݌ ̅� − ே೚+ே�௖೟��       (4-4) 

The cumulative productions are calculated by establishing that their derivatives are equal 

to the flowrate of the correspondent fluid. 

Production of fluids leads to pressure drop, and consequently to a decrease in total 

flowrate as seen in Fig. 4-4. 
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Fig. 4-4 – Pressure and oil’s flowrate evolution. 

Pressure can also be evaluated considering both its changes with time and distance from 

the well. An example of pressure behaviour inside a reservoir above the bubble point is 

shown in Fig. 4-5. The pressure profile’s shape is evident throughout the reservoir, and so 

is the pressure drop with time, considering that the radius zero is the centre of the 

production well. 

 

Fig. 4-5 – Pressure evolution in time and with distance from the production well. 

The oil’s saturation is calculated by a material balance (equation 4-5) which relates the 

initial oil in the reservoir with the cumulative productions of oil and dissolved-gas ௚ܰ௢. 

ܵ௢ = ைை�௉−ே೚−ே೒೚(�೒ �೚⁄ )��      (4-5) 
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The cumulative produced dissolved-gas is multiplied by the ratio of the fluids’ densities to 

convert it from volume of gas to the correspondent volume of oil in which it is dissolved. 

The water solubility is obtained by applying the principle that the sum of all of the fluids’ 

volume in the reservoir is equal to the pore volume (equation 4-6). ͳ = ܵ௢ + ܵ௪     (4-6) 

Once pressure reaches the bubble point, solution-gas starts evolving from solution. This 

division point is characterized by evaluating the average reservoir pressure; however, 

some regions of the reservoir may have already dropped below the bubble point before 

the considered moment. 

This new stage can also be divided into two periods: below and above the critical gas 

saturation ௚ܵ௖, which determines the moment when gas starts to flow. 

First, gas comes out of solution but it is unable to flow as its saturation in the reservoir is 

less than its critical saturation. While gas is accumulated in the reservoir, pressure drops 

slowly, improving oil’s production.  

For the reservoir pressure evaluation not only the oil and dissolved gas produced need to 

be considered, but also the gas evolved from the solution. The volume of gas in the 

reservoir � is calculated by the material balance in equation 4-7.  � = ܱܱ�ܲ × ܴ௦� − ሺܱܱ�ܲ − ௢ܰሻܴ௦ − ௚ܰ௢                            (4-7) 

Where ܱܱ�ܲ is the original oil in place, ܴ௦� and ܴ௦ are the initial and current dissolved-gas 

oil ratio, respectively.  

Thus, this expression says that the volume of free gas in the reservoir is the difference 

between the initial dissolved-gas and the current and produced dissolved-gas. 

When gas is formed, volume of oil is reduced, and this volume reduction ∆ܰ is given by 

equation 4-8, considering that the gas’ mass is conserved. � × �௚ = ∆ܰ × �௢                                             (4-8) 

As a result, the average reservoir pressure variations is now expressed by equation 4-9, 

which considers the cumulative formation of gas.  

ோ̅̅݌ ̅ = ோ̅̅݌ ̅� − ே೚+ே�+ே೒೚஻೒−�஻೒ቀ�೚−�೒�೚ ቁ௖೟��                                         (4-9) 
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As soon as gas saturation exceeds the critical saturation, gas is able to flow and it is 

produced with oil. 

The oil’s flowrate in saturated reservoir conditions is estimated by equation 4-10, the gas 

flowrate by equation 4-11 and finally the water flowrate by equation 4-12 (Beggs 2003, 

Craft and Hawkins 1991). 

௢ݍ = ଴.଴଴଻଴଼௞೚ℎሺଶ௣�̅̅ ̅̅ ሻఓ೚஻೚[lnሺ௥೐/௥�ሻ−଴.଻ହ] ோ̅̅݌) ̅ଶ −  ௪௙ଶ)                                (4-10)݌

௚ݍ = ଴.଻଴଼௞೒ℎ்�ఓ೒[lnሺ௥೐/௥�ሻ−଴.଻ହ] ோ̅̅݌) ̅ଶ −  ௪௙ଶ)                                    (4-11)݌

௪ݍ = ଴.଴଴଻଴଼௞�ℎሺଶ௣�̅̅ ̅̅ ሻఓ�஻�[lnሺ௥೐/௥�ሻ−଴.଻ହ] ோ̅̅݌) ̅ଶ −  ௪௙ଶ)                                (4-12)݌

In this period, the equation for determining the pressure profile is obtained by summing 

the three previous equations, and then it is rearranged to calculate pressure in each point 

of the horizontal flow. 

Moreover, the change in reservoir pressure has to consider the cumulative volume of gas 

leaving the reservoir ௚ܰ, which will increase the pressure drop (equation 4-13). 

ோ̅̅݌ ̅ = ோ̅̅݌ ̅� − ே೚+ே�+ே೒೚஻೒+ே೒஻೒−�஻೒ቀ�೚−�೒�೚ ቁ௖೟��                                   (4-13) 

Whether the critical gas saturation was exceeded or not, the saturations’ calculation has 

to consider the existence of free gas in the reservoir, which means that gas saturation ௚ܵ 

is greater than zero under the bubble point. The oil saturation is now estimated by 

equation 4-14. 

ܵ௢ = ைை�௉−ே೚−ே೒೚(�೒ �೚⁄ )−�(�೒ �೚⁄ )��    (4-14) 

The water saturation can also be calculated by a material balance, if its production is 

considered in this stage, and so the gas saturation is estimated by equation 4-15. ͳ = ܵ௢ + ௚ܵ + ܵ௪    (4-15) 

Fig. 4-6 shows the evolution of the average reservoir pressure under the considered 

mechanism, differentiating the pressure’s behaviour as production proceeds. 
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Fig. 4-6 – Evolution of reservoir pressure under a solution-gas drive mechanism. 

The calculation of oil’s recovery must consider the gas in solution, as it has been proved 

that a large part of the liquid hydrocarbon produced is obtained from the gas that enters 

the well. This approach tries to avoid the false assumption that all the free gas entering 

the well remains in the gaseous phase as it is produced (Cook, Spencer, and Bobrowski 

1951). 

4.1.2 Piping System 

The outflow performance depends on the separator’s pressure and on the pressure loss in 

the well, an illustration of the system is represented in Fig. 4-7. Equation 4-16 represents 

the application of Bernoulli’s equation between the bottom of the well and the separator 

(Ahmed 2006, Campos 2012). ݌௪௙ = ௦௘௣݌ + ௙݌∆ +  ௚                                             (4-16)݌∆

The friction losses ∆݌௙ are given by equation 4-17, where ݂ is the friction factor, and the 

gravitational losses ∆݌௚ described by equation 4-18. 

௙݌∆ = ʹ �௙௩మ௅௚೎�                                                   (4-17) 

௚݌∆ = �௚௅௚೎                                                      (4-18) 
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Fig. 4-7 – Illustration of the pressure losses in the piping system from the reservoir to the separator (Beggs 

2003). 

The density and velocity of the mixture must be evaluated at the well’s condition, so it 

has to be considered that inside the well phase behaviour is altered.  

The oil and free gas flowrate entering the separator can be expressed by equations 4-19 

and 4-20 respectively, considering the change in gas solubility from the bottom hole to the 

separator. 

௢|௦௘௣ݍ = ௢ܤ௢|௪௙ݍ − ௢|௪௙(ܴ௦|௪௙ݍ − ܴ௦|௦௘௣)ܤ௚ �೒�೚                            (4-19) 

௚|௦௘௣ݍ = ௚|௪௙ݍ + ௢|௪௙(ܴ௦|௪௙ݍ − ܴ௦|௦௘௣)ܤ௚                                   (4-20) 

4.2 Reservoir and Reservoir Fluids’ properties 

A good prediction of the rock and fluids’ properties is vital to correctly estimate the oil 

production of a reservoir. 

4.2.1 Compressibility 

Fluids can be divided in incompressible, slightly compressible and compressible. From 

these categories, the water and oil are considered slightly compressible and gas is 

compressible. Compressibility calculation can be made using correlation, but for this 

model it is considered constant for each fluid. 

Δp 

pr 
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The slightly compressible components have compressibilities of around 10-6 psia-1, while 

gas’ compressibility varies from 10-3 to 10-4 psia-1, for pressures from 5000 to 500 psia, 

respectively (IHS 2014). 

For the model estimations the total compressibility of the system ܿ௧ is required, and it is 

obtained by equation 4-21, considering that the rock is also slightly compressible. 

ܿ௧ = ܿ௢ܵ௢ + ܿ௪ܵ௪ + ܿ௚ ௚ܵ + ௙ܿ       (4-21) 

Although all compressibilities are considered constant through time, the total 

compressibility will suffer changes because of its dependence on fluids’ saturation, which 

change as production progresses (Ahmed 2006, Craft and Hawkins 1991). 

4.2.2 Porosity 

The assumption that the reservoir rock is slightly compressible determines that the pore 

volume will suffer alterations during production. This variable can be predicted with 

equation 4-22 (Ahmed 2006, Craft and Hawkins 1991). 

� = ଵ௖೑ ���௣            (4-22) 

This relationship indicates that when pressure drops, the pore space decreases, decreasing 

consequently the volume available for fluids’ storage. 

4.2.3 Permeability 

Absolute permeability is crucial to determine the fluids’ flow through the porous medium, 

and, if no data is available, it can be predicted by equation 4-23 (Timur 1968, Ahmed 

2006). 

݇ = ͺ.ͷͺͳͲʹ × ͳͲଷ �ర.రௌ��ೝೝమ     (4-23) 

Although absolute permeability is the same for every fluid, their flow is different because 

it depends on fluids’ relative permeability. This type of permeability is calculated based 

on fluid’s saturation. 

Moreover, it is important to know the conditions of the reservoir to define what type of 

relative permeability has to be used. When oil and gas are present, the relative 

permeabilities can be calculated by equations 4-24 and 4-25, which were proposed by 

Corey (1954) for gas-displacing oil processes. 
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݇௥௢ = ቀͳ − ௌ೒ଵ−ௌ��ೝೝቁସ
      (4-24) 

݇௥௚ = ቀ ௌ೒ଵ−ௌ��ೝೝቁ ቀʹ − ௌ೒ଵ−ௌ��ೝೝቁ          (4-25) 

However, the Corey’s method is only valid to well-sorted homogenous rocks, and the high 

dependence of this property on the rock type requires a set of equations which can be 

used to any type of rock (Ahmed 2006). Table 4-1 shows the different equations for various 

types of rocks. 

Table 4-1– Gas-oil relative permeabilities for various types of reservoir rocks (Ahmed 2006). 

Type of reservoir rock �ࢍ࢘� ࢕࢘ 

Unconsolidated sand, well 

sorted 
( ܵ௢ͳ − ܵ௪�௥௥)ଷ

 (ͳ − ܵ௢ͳ − ܵ௪�௥௥)ଷ
 

Unconsolidated sand, poorly 

sorted 
( ܵ௢ͳ − ܵ௪�௥௥)ଷ.ହ

 (ͳ − ܵ௢ͳ − ܵ௪�௥௥)ଶ ቆͳ − ( ܵ௢ͳ − ܵ௪�௥௥)ଵ.ହቇ 

Cemented sandstone, oolitic 

limestone, rocks with vulgar 

porosity 

( ܵ௢ͳ − ܵ௪�௥௥)ସ
 (ͳ − ܵ௢ͳ − ܵ௪�௥௥)ଶ ቆͳ − ( ܵ௢ͳ − ܵ௪�௥௥)ଶቇ 

For a successful estimation of oil’s production, it is important that these equations are 

available in the model, so that they can be used based on the type of reservoir that is 

being studied. 

On the other hand, if gas does not exist, and there is water in the reservoir, oil and water 

relative permeabilities are estimated by the equations in Table 4-2, depending on the type 

of reservoir rock. 
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Table 4-2 – Oil-water relative permeabilities for various types of reservoir rocks (Ahmed 2006). 

Type of reservoir rock �࢘� ࢕࢘� 

Unconsolidated sand, well 

sorted 
(ͳ − ܵ௪ − ܵ௪�௥௥ͳ − ܵ௪�௥௥ ) (ܵ௪ − ܵ௪�௥௥ͳ − ܵ௪�௥௥ )ଷ

 

Unconsolidated sand, 

poorly sorted 
(ͳ − ܵ௪ − ܵ௪�௥௥ͳ − ܵ௪�௥௥ )ଶ [ͳ − (ܵ௪ − ܵ௪�௥௥ͳ − ܵ௪�௥௥ )ଵ.ହ] ( ܵ௢ͳ − ܵ௪�௥௥)ଷ.ହ

 

Cemented sandstone, 

oolitic limestone, rocks 

with vulgar porosity 

(ͳ − ܵ௪ − ܵ௪�௥௥ͳ − ܵ௪�௥௥ )ଶ [ͳ − (ܵ௪ − ܵ௪�௥௥ͳ − ܵ௪�௥௥ )ଶ] ( ܵ௢ͳ − ܵ௪�௥௥)ସ
 

These relationships point out that as a fluid is produced, and its saturation in the reservoir 

decreases, its relative permeability decreases too. When the saturation reaches the 

irreducible value, the fluid’s relative permeability is zero and so the fluid is trapped in the 

pores due to surface tensions’ effect. 

4.2.4 Density 

The oil density has to be corrected during the life of a reservoir due to pressure decline 

during oil’s production. This correction can be made based on the definition of oil 

compressibility, equation 4-26 (Ahmed 2006, Craft and Hawkins 1991). 

�௢ = �௢_௕௣݁௖೚(௣−௣್೛)                        (4-26) 

Where �௢_௕௣ is the oil density at the bubble point pressure ݌௕௣. 

However, this relation is just valid for under saturated conditions, because if pressure 

drops below the bubble point, dissolved-gas comes out of solution, forming free gas. In 

this case, equation 4-27 is used to predict the changes in the oil’s density below the 

bubble point pressure. 

�௢ = ଺ଶ.ସ�೚+଴.଴ଵଷ଺�೒ோೞ஻೚       (4-27) 

This equation includes the oil formation volume factor ܤ௢ and specific gravity �௢, but the 

most important to note is the presence of the gas specific gravity �௚ and dissolved-gas oil 

ratio ܴ௦ which account for the variations of gas in the solution (Ahmed 2006, Velarde, 

Blasingame, and W.D. McCain , Beggs 2003). 
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Above the bubble point the oil’s density decreases due to the fact of being slightly 

compressible. On the other hand, when below the bubble point the density increases as 

gas comes out of the solution. 

The gas density can be calculated by the real-gas equation (equation 4-28), as previously 

mentioned, by using the definition of gas specific gravity (Ahmed 2006, Beggs 2003). 

�௚ = ଶ.଻�೒௣�̅̅ ̅̅ሺ்+ସ଺଴ሻ      (4-28) 

Equation 4-29 represents the water density estimation based on the density at standard 

conditions, �௪௦ (Chen 2007). 

�௪ = ��ೞ஻�� ቀͳ + ܿ௪(݌ோ̅̅ ̅ − ோ̅̅݌ ̅�)ቁ     (4-29) 

Where ܤ௪� is the initial water formation volume factor. 

4.2.5 Viscosity 

When the oil is under saturated, its viscosity can be predicted by equation 4-30, which was 

introduced by Khan et al. (1987). 

௢ߤ = ௢್೛ߤ ( ௣௣್೛)௫
      (4-30) 

Where ݔ = ʹ.͸݌ଵ.ଵ଼଻exp(−ଵଵ.ହଵଷ−଼.ଽ଼×ଵ଴−ఱ௣). 
Below the bubble point, the previous equation does not apply and it is replaced by 

equation 4-31 (Ahmed 2006). 

௢ߤ = ௢௕ߤ ቀ ௣௣್ቁ−଴.ଵସ ݁−ଶ.ହ×ଵ଴−రሺ௣−௣್ሻ        (4-31) 

For the gas, the Lee-Gonzalez-Eakin Method is applied (equation 4-32), where  ܯ௚ is the apparent gas molecular weight (Ahmed 2006). 

௚ߤ = (ଽ.ସ+଴.଴ଶெ೒)்భ.ఱଶ଴ଽ+ଵଽெ೒+் ͳͲ−ସ�xp [ቀ͵.ͷ + Ͳ.Ͳͳܯ௚ + ଽ଼଺் ቁ ቀ�೒×଴.଴ସଷଷଶ.଻ ቁଶ.ସ−଴.ଶቀଷ.ହ+଴.଴ଵெ೒+వఴల� ቁ]    (4-32) 

The water viscosity is estimated by considering only temperature effects, which means 

that it will be constant, as the reservoir temperature is considered constant during 

production (Chen 2007). Equation 4-33 was introduced by Brill and Beggs (1978). 

௪ߤ = �xpሺͳ.ͲͲ͵ − ͳ.Ͷ͹ͻ × ͳͲ−ଶܶ + ͳ.ͻͺʹ × ͳͲ−ହܶଶሻ                  (4-33) 
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4.2.6 Formation Volume Factors 

While for pressures above the bubble point the oil formation volume factor can be 

corrected by the same relation used for density, when pressure drops below this point 

Standing’s correlation is applied (equation 4-34) (Ahmed 2006, Beggs 2003). 

௢ܤ = Ͳ.ͻ͹ͷͻ + Ͳ.ͲͲͲͳʹ [ܴ௦ (ቀ�೒�೚ቁଵ/ଶ + ͳ.ʹͷܶ)ଵ.ଶ]      (4-34) 

For the gas, the definition of formation volume factor introduced can be applied, and its 

calculation is based on the volume obtained by the real-gas equation (equation 4-35) 

(Ahmed 2006, Beggs 2003). 

௚ܤ = ଴.଴ଶ଼ଶ଻�்௣�̅̅ ̅̅         (4-35) 

Water formation volume factor is estimated by equation 4-36 (Ahmed 2006). ܤ௪ = ଵܣ + ݌ଶܣ +  ଶ     (4-36)݌ଷܣ

Where ܣ� = ܽଵ + ܽଶሺܶ − Ͷ͸Ͳሻ + ܽଷሺܶ − Ͷ͸Ͳሻଶ, and the values to complete these equations 

are represented on Table 4-3. 

Table 4-3 – Parameters for the estimation of water formation volume factor (Ahmed 2006). ࢇ ࢏࡭૚ ࢇ૛ ࢇ૜ ࡭૚ 0.9911 6.35x10-5 8.5x10-7 ࡭૛ -1.093x10-6 -3.497x10-9 4.57x10-12 ࡭૜ -5.0x10-11 6.429x10-13 -1.43x10-15 

4.2.7 Dissolved-gas oil ratio 

The estimation of this variable is made by the use of correlations and its choice will 

depend on the reservoir production conditions. For this model, the correlation 

implemented was the one introduced by Al-Marhoun (1988), represented by equation 4-37 

(Al-Marhoun 1988, Ahmed 2006). 

ܴ௦ = [ͳͺͷ.ͺͶ͵ʹͲͺ�௚ଵ.଼଻଻଼ସ଴�௢−ଷ.ଵସଷ଻ሺܶ + Ͷ͸Ͳሻ−ଵ.ଷଶ଺ହ଻݌ோ̅̅ ̅]ଵ.ଷଽ଼ସସ
        (4-37) 

However, its use is not always reliable. Therefore, the use of data is advised for the 

prediction of this property, as it will reduce the errors (Zamani et al. 2015). 
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The dissolved-gas oil ratio is constant until the bubble point pressure is reached. After this 

point it declines as reservoir pressure continues to decrease (see Fig. 4-8) (Craft and 

Hawkins 1991). 

 

Fig. 4-8 – Dissolved-gas oil ratio vs pressure (Ahmed 2006). 

4.2.8 Gas solubility in water 

Gas may also be dissolved in water, for this reason equation 4-38 is used to predict this 

property during production process. ܴ௦௪ = ܣ + ܤ +  ଶ     (4-38)݌ܥ

Where ܣ = ʹ.ͳʹ + ͵.Ͷͷ × ͳͲ−ଷܶሺ℉ሻ − ͵.ͷͻ × ͳͲ−ହܶଶ; ܤ = Ͳ.ͲͳͲ͹ − ͷ.ʹ͸ × ͳͲ−ହܶ + ͳ.Ͷͺ ×ͳͲ−଻ܶଶ; ܥ = ͺ.͹ͷ × ͳͲ−଻ + ͵.ͻ × ͳͲ−ଽܶ − ͳ.Ͳʹ × ͳͲ−ଵଵܶଶ. 

Although this estimation is available, most of the times this value is negligible when 

compared with the solution-gas oil ratio and for this reason it is assumed zero (Ahmed 

2006). 

4.2.9 Gas compressibility factor 

The gas compressibility factor is an important factor to evaluate the real gas behaviour 

during the life of the reservoir. Because of the complexibility of its prediction, it is 

assumed constant in the simulations, and its value is based on the data collected. 
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4.2.10 Friction factor 

The calculation of oil’s flowrate relies on the losses in the production well, which depend 

upon the friction losses. These losses are a function of the friction factor, which is a 

complex parameter to estimate. 

For this reason it is assumed the fixed value of 0.1 for this factor during the life of the 

reservoir and well. 
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5 Model Validation and Sensitivity Analysis 

The implementation of the equations, presented on the last chapter, on gPROMS® 

ModelBuilder must be evaluated to understand if the model is capable of correctly predict 

the oil production of a reservoir with a solution-gas drive mechanism. 

The model validation was realized by its application to two different reservoirs: an 

idealized reservoir and the Louisiana volatile-oil reservoir. 

5.1  Idealized Reservoir 

Table 5-1 represents the main reservoir properties, and the full description is in Table A-1, 

Appendix A. In addition to this information it was assumed that the type of rock is a well 

sorted unconsolidated sand, the gas compressibility factor as 1.06, a friction factor of 0.1 

and the gas specific gravity as 1.05. 

Table 5-1 – Main idealized reservoir property data (SPE 2015). 

Parameter Value ࡭ (acre) 80 � (ft) 6700 � (mD) 5.0 ࢎ (ft) 20 �ࢀ 31 (%) ࢏ (oF) 131 ̅̅̅̅ࡾ࢖  838.5 (scf/stb) ࢏࢙ࡾ 2.10 (million stb) ࡼ�ࡻࡻ 199 (psia) ࢌ�࢖ 1688 (psia) ࢖࢈࢖ 2000 (psia) ࢏

This reservoir was idealized to capture the main characteristics and to establish the 

concept of solution-gas drive. The production data, used to validate the proposed model, 

are a result of a simulation with a commercial simulator (SPE 2015). 

Two approaches were used with the objective of evaluating the correlations’ accuracy, 

while validating the model equations: the use of the property data (Prediction 1) and the 

use of correlations to calculate the fluids’ properties (Prediction 2). 
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The properties’ estimation using the given data was conducted by plotting each property 

against pressure, and fitting curves to the data points (see Fig A-1 to Fig. A-5) (SPE 2015).  

Table 5-2 shows the obtained results for each Prediction of oil formation volume factor 

and its deviations compared to the data. The equations used in Prediction 1 were 

equation 5-1 for above the bubble point pressures, and equation 5-2 for pressures below 

the bubble point. ܤ௢ = −͵ × ͳͲ−ହ݌ோ̅̅ ̅  +  ͳ.ͷͳͻͺ          (5-1) ܤ௢  =  Ͳ.ͲͲͲʹ݌ோ̅̅ ̅  +  ͳ.ͳͲ͸ͳ                                          (5-2) 

Above the bubble point the correlation exhibited less deviation, but the results were 

higher than the data, contrasting with the results of Prediction 1, which were lower than 

the data. 

Below the bubble point, Prediction 1 showed the lowest deviations for higher pressures, 

but from 1000 to 600 psia Prediction 2 was more accurate. 

From an overall perspective, both predictions had acceptable results, as the maximum 

deviation was in each case near 2% at 1640 psia. 

Table 5-2 – Comparison of oil formation volume factor results. 

̅̅̅̅ࡾ࢖  (psia) ࢕࡮ (bbl/stb) 
Pred. 1 

Equations (5-1),(5-2) 
Deviation 

Pred. 2 

Equation (4-34) 
Deviation 

2000 1.467 1.460 0.49% 1.470 -0.23% 

1700 1.475 1.469 0.40% 1.475 0.00% 

1640 1.463 1.434 1.97% 1.493 -2.03% 

1600 1.453 1.426 1.84% 1.482 -1.98% 

1400 1.408 1.386 1.55% 1.429 -1.49% 

1200 1.359 1.346 0.95% 1.377 -1.33% 

1000 1.322 1.306 1.20% 1.326 -0.29% 

800 1.278 1.266 0.93% 1.276 0.14% 

600 1.237 1.226 0.87% 1.228 0.73% 

 

The oil’s viscosity results, Table 5-3, demonstrate that the use of equation 5-3 for 

pressures above the bubble point results on deviations of around 2%, which is an 

acceptable value. Equation 5-4, obtained from the data points below the bubble point, is 

not a good approximation of the fitted data; consequently deviations greater than 13% are 

observed for pressures higher than 1400 psia.  



Development of a reduced-order model for oil and gas reservoirs 

Model Validation and Sensitivity analysis  31 
  

௢ߤ  =  Ͷ × ͳͲ−ହ݌ோ̅̅ ̅  +  Ͳ.ʹ͵͵Ͷ     (5-3) ߤ௢  =  ͷ × ͳͲ−଼݌ோ̅̅ ̅ ଶ  −  Ͳ.ͲͲͲ͵݌ோ̅̅ ̅  +  Ͳ.͸ͳ͸ͳ                       (5-4) 

On the other hand, the use of correlations appears to be a good property’s estimation for 

the two production stages, achieving the highest deviation of 2.04% at 1200 psia. 

Table 5-3 – Comparison of oil viscosity results. 

̅̅̅̅ࡾ࢖  (psia) �࢕ (cP) 
Pred. 1 

Equations (5-3),(5-4) 
Deviation 

Pred. 2 

Equations (4-30),(4-31) 
Deviation 

2000 0.3201 0.3134 2.09% 0.3166 1.09% 

1700 0.3071 0.3009 2.01% 0.3072 -0.03% 

1640 0.3123 0.2585 17.23% 0.3120 0.10% 

1600 0.3169 0.2640 16.69% 0.3163 0.19% 

1400 0.3407 0.2940 13.70% 0.3387 0.58% 

1200 0.3714 0.3281 11.66% 0.3638 2.04% 

1000 0.3973 0.3660 7.87% 0.3925 1.20% 

800 0.4329 0.4081 5.73% 0.4257 1.65% 

600 0.4712 0.4540 3.65% 0.4659 1.13% 

 

The gas formation volume factor dependence on pressure according to the data is 

described by equation 5-5. ܤ௚  =  ͵.ʹͶͻ݌ோ̅̅ ̅  − ͳ.ͲͲͳ     (5-5) 

Table 5-4 – Comparison of gas formation volume factor results. 

̅̅̅̅ࡾ࢖  (psia) ࢍ࡮ (bbl/Mscf) 
Pred. 1 

Equation (5-5) 
Deviation 

Pred. 2 

Equation (4-35) 
Deviation 

2000 - - - - - 

1700 - - - - - 

1640 1.92 1.97 -2.38% 1.92 -0.13% 

1600 1.98 2.01 -1.92% 1.97 0.28% 

1400 2.31 2.30 0.21% 2.25 2.43% 

1200 2.73 2.69 1.53% 2.63 3.77% 

1000 3.33 3.23 3.07% 3.16 5.19% 

800 4.16 4.03 3.09% 3.94 5.26% 

600 5.47 5.38 1.73% 5.26 3.94% 

This relationship shows to be a good approximation of the considered property once 

Table 5-4 is analysed. When correlation’s results are matched with the same obtained 
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from equation 5-5, it is evident that the use of correlations only induced better results for 

pressures between 1600 and 1640 psia. 

Gas viscosity’s prediction through equation 5-6 (Pred. 1) revealed to be advantageous for 

pressures lower than 1400 psia. 

Although deviations for pressures near 1600 psia were greater than 5%, the error 

decreased with pressure, leading to better results than Pred. 2 as the error in the latter 

was generally around 4%, excluding 1400 psia (see Table 5-5). ߤ௚   =  ͳ × ͳͲ−ଽ݌ோ̅̅ ̅ଶ  +  ͷ × ͳͲ−଻݌ோ̅̅ ̅ +  Ͳ.Ͳͳͳ͵       (5-6) 

Table 5-5 – Comparison of gas viscosity results. 

̅̅̅̅ࡾ࢖  (psia) �ࢍ (cP) 
Pred. 1 

Equation (5-6) 
Deviation 

Pred. 2 

Equation (4-32) 
Deviation 

2000 - - - - - 

1700 - - - - - 

1640 0.0157 0.0148 5.66% 0.0151 4.05% 

1600 0.0155 0.0147 5.40% 0.0149 3.96% 

1400 0.0140 0.0140 0.28% 0.0141 -0.48% 

1200 0.0138 0.0133 3.33% 0.0133 3.46% 

1000 0.0132 0.0128 3.02% 0.0126 4.18% 

800 0.0126 0.0123 2.06% 0.0120 4.38% 

600 0.0121 0.0120 1.15% 0.0115 4.80% 

 

Finally, for the estimation of gas-oil solubility, the implemented correlation (equation 

4-37) showed a great disability to do a successful estimation, as seen in Table 5-6. 

The deviations of the predicted values increase as pressure decreases showing only 

acceptable values from 1400 to 1640 psia. However, just a deviation of around 4% in this 

property leads to greater volume of free gas than in reality, and the reservoir pressure’s 

prediction is compromised in a way that it goes above the bubble point again. 

Consequently, the simulation crashes at this point. 
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Table 5-6 – Evaluation of the estimation of gas-oil solubility using equation 4-37. 

̅̅̅̅ࡾ࢖   (psia) ࢙ࡾ (scf/stb) 
Prediction  

Equation (4-37) 
Deviation 

2000 838.5 
  

1800 838.5 
  

1700 838.5 
  

1640 816.1 782.2 4.2% 

1600 798.4 755.7 5.4% 

1400 713.4 626.9 12.1% 

1200 621.0 505.4 18.6% 

1000 548.0 391.6 28.5% 

800 464.0 286.6 38.2% 

600 383.9 191.7 50.1% 

Thus, the same equation (equation 5-7) was used in both predictions. 

ܴ௦  =  Ͳ.Ͷͳͷͺ݌ோ̅̅ ̅  +  ͳ͵ͳ.ʹ     (5-7) 

The small differences, between the two predictions, detected in Table 5-7 are a result of 

the other properties’ estimation effect on reservoir pressure. It is possible to say this 

effect is almost negligible when the deviations in both cases are compared. 

Table 5-7 – Comparison of dissolved gas oil ratio results. 

̅̅̅̅ࡾ࢖  (psia) ࢙ࡾ (scf/stb) 
Pred. 1 

Equation (5-7) 
Deviation 

Pred. 2 

Equation (5-7) 
Deviation 

2000 838.5 838.5 - 838.5 - 

1700 838.5 838.5 - 838.5 - 

1640 816.1 813.4 0.33% 813.4 0.33% 

1600 798.4 796.7 0.21% 796.4 0.25% 

1400 713.4 713.5 -0.01% 713.6 -0.03% 

1200 621.0 630.2 -1.48% 630.4 -1.52% 

1000 548.0 547.1 0.16% 546.9 0.21% 

800 464.0 463.8 0.03% 463.7 0.06% 

600 383.9 380.9 0.79% 380.7 0.82% 
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The evolution of gas solubility and cumulative evolved gas obtained in Prediction 1 are 

represented on Fig. 5-1. As it was expected, while solubility decreases, the volume of free 

gas increases. 

 

Fig. 5-1 – Results of prediction 1 results for the gas solubility and cumulative free gas. 

5.1.1 Evaluation of oil production 

After analysing the properties, the oil’s production must be studied. Fig 5-2 illustrates the 

reservoir pressure evolution against the cumulative oil produced for the two predictions 

and the idealized curve. Table A-2 represents the plotted results and data. 

The two predicted curves are almost coincident, which indicates that the differences 

commented above do not have a great impact on the reservoir performance estimation, 

and so the use of correlations can be assumed accurate. 

Although the predicted curves seem to follow the correct pattern, for a given pressure the 

predicted oil produced is lower than the idealized quantity, and this difference increases 

as pressure decreases in the reservoir. 

One of the reasons for this difference at lower pressures is the fact that the idealized 

curve considered oil production until 0 psia was reached in the reservoir. This is an 

impossible pressure to reach, and so Fig. 5-2 only considers production until 500 psia, 

which is when, according to the executed simulation, the residual oil saturation is 

reached, and oil production stops. 

0

100

200

300

400

500

600

700

800

900

1000

0

100

200

300

400

500

600

700

800

900

0 3000 6000 9000

G
 (

M
M

sc
f)

 

R
s 

(s
cf

/s
tb

) 

t (d) 

Rs G



Development of a reduced-order model for oil and gas reservoirs 

Model Validation and Sensitivity analysis  35 
  

 

Fig. 5-2 – Comparison of the two production curves predicted with the data. 

Besides that fact, the estimation of oil production may be affected by any miscalculation 

of saturation or relative permeability, whose evolutions with time are represented in Fig. 

5-3 and Fig. 5-4. The absence of information on relative permeability of the fluids’ 

requires the use of correlations for the assumed type of rock.  

 

Fig. 5-3 – Results of Prediction 1 for the oil and gas saturations. 

 

Fig. 5-4 – Results for the relative permeabilities of oil and gas, Prediction 1. 
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Also, the assumption that the flow is horizontal and that the flowrates inside the reservoir 

are constant may have an important role in the observed deviations of the prediction of 

oil’s production, especially when gas exists in the reservoir. 

Fig. 5-5 illustrates the pressure variation with time and radius obtained from prediction 1. 

Recalling that the radius zero corresponds to the centre of the production well, the 

pressure profile inside the reservoir is perceptible from the plot. When evaluating pressure 

with time, this plot shows that the pressure at each point of the reservoir decreases with 

time. 

As the wellbore flowing pressure was fixed at 199 psia, this is the pressure for the radius 

zero for all the production time. 

 

Fig. 5-5 – Simulation output of the pressure variation with time and radius obtained from Prediction 1. 

5.2  Louisiana volatile-oil reservoir 

The reservoir was discovered in 1953 in North Louisiana, and on August 1956 it was 

completely developed with 11 wells. The most important reservoir properties and initial 

conditions are in Table 5-8, and the complete list is in Table B-1, Appendix B (Jacoby and 

V. J. Berry 1957, Cordell and Ebert 1965, SPE 2015). 
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Table 5-8 – Main reservoir properties (Jacoby and V. J. Berry 1957, Cordell and Ebert 1965, SPE 2015). 

Parameter Value ̅̅̅̅ࡾ࢖  1568 (acre) ࡭ 13.6 (%) ࢏� 24.4 (ft) ࢎ 10.992 � (mD) 174 (million stb) ࡼ�ࡻࡻ 2909 (scf/stb) ࢏࢙ࡾ 246 (oF) ࢀ 500 � (ft) 10000 (psia) ࢖ࢋ࢙࢖ 4698 (psia) ࢖࢈࢖ 5070 (psia) ࢏

These properties were implemented in the simulation, in addition to the fluids’ property 

data presented on Fig. B-1 to Fig. B-5. Despite of the existence of 11 wells, this fact was 

not considered and the simulation only reflected the production of one well for the same 

total drainage area of the reservoir. 

The fitted curves of the different fluids’ properties against reservoir pressure were used to 

calculate the oil and gas formation volume factors, viscosity and also the dissolved-gas oil 

ratio, when the reservoir was saturated. Above the bubble point, the relations 

implemented in the model were applied because of the lack of confidence in the fitted 

curves based on the data, especially in the case of the oil formation volume factor (see 

Fig. B-1).  

Table 5-9 shows the results of oil formation volume factor and viscosity and its deviations. 

The equations used for these calculations were equation 5-8 and equation 5-9, 

respectively. ܤ௢ = ͳ.Ͷ × ͳͲ−ଵସ݌ோ̅̅ ̅ସ − ͳ × ͳͲ−ଵ଴݌ோ̅̅ ̅ଷ + Ͷ × ͳͲ−଻݌ோ̅̅ ̅ଶ − Ͳ.ͲͲͲ͵݌ோ̅̅ ̅ + ͳ.ʹͻʹͶ        (5-8) ߤ௢ = Ͳ.͵͸ͺͷ�xp ሺ−͵ × ͳͲ−ସ݌ோ̅̅ ̅ሻ                                       (5-9) 

It is clear that the fitted curve for the formation volume factor is not a good 

approximation mostly for high pressures, generating deviations from the real value greater 

than 26%. 
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The viscosity estimation has acceptable deviations, achieving its maximum value of 16.3% 

at 4398 psia. However, it is important to note that a tendency exists on the estimation of 

both properties, as deviation decreases with pressure. 

This indicates that during the life of the reservoir, such changes occur on the fluid´s 

behaviour that it justifies the use of different equations in different periods. 

Another conclusion that may be made by the analysis of Table 5-9 is that the deviation is 

always a negative number, which indicates that the equations overestimate the 

properties’ value. 

Table 5-9 – Results’ evaluation of oil formation volume factor and viscosity. 

̅̅̅̅ࡾ࢖  (psia) ࢕࡮ (bbl/stb) 
Prediction 

Equation (5-8) 
Deviation �࢕ (cP) 

Prediction 

Equation (5-9) 
Deviation 

5070 2.704 2.744 -1.5% 0.0742 0.0729 1.8% 

4998 2.713 2.746 0.0% 0.0735 0.0724 1.5% 

4798 2.740 2.751 0.0% 0.0716 0.0712 0.6% 

4698 2.754 2.754 0.0% 0.0706 0.0706 0.0% 

4398 2.338 2.945 -26.0% 0.0847 0.0985 -16.3% 

4198 2.204 2.793 -26.7% 0.0906 0.1045 -15.3% 

3998 2.093 2.653 -26.8% 0.0968 0.1110 -14.6% 

3798 1.991 2.526 -26.9% 0.1028 0.1179 -14.7% 

3598 1.905 2.411 -26.6% 0.1104 0.1251 -13.3% 

3398 1.828 2.302 -25.9% 0.1177 0.1329 -12.9% 

3198 1.758 2.202 -25.2% 0.1242 0.1410 -13.5% 

2998 1.686 2.102 -24.7% 0.1325 0.1499 -13.1% 

2798 1.632 2.008 -23.0% 0.1409 0.1591 -12.9% 

2598 1.580 1.916 -21.3% 0.1501 0.1689 -12.5% 

2398 1.534 1.824 -18.9% 0.1598 0.1796 -12.4% 

2198 1.490 1.737 -16.6% 0.1697 0.1906 -12.3% 

1998 1.450 1.652 -13.9% 0.1817 0.2024 -11.4% 

1798 1.413 1.569 -11.0% 0.1940 0.2150 -10.8% 

1598 1.367 1.491 -9.1% 0.2064 0.2283 -10.6% 

1398 1.333 1.420 -6.5% 0.2223 0.2422 -9.0% 

1198 1.305 1.355 -3.8% 0.2438 0.2574 -5.6% 

998 1.272 1.302 -2.4% 0.2629 0.2731 -3.9% 

798 1.239 1.261 -1.8% 0.2882 0.2900 -0.6% 



Development of a reduced-order model for oil and gas reservoirs 

Model Validation and Sensitivity analysis  39 
  

Above the bubble point, the observed deviations for both properties are smaller than 2%, 

which points out that the relations presented on section 4 of this monography describe 

correctly the oil’s behaviour. 

The calculation of the same properties for the gas, using equations 5-10 and 5-11, is 

analysed in Table 5-10. 

௚ܤ = ͳ.ͷͷ͵ͳ݌ோ̅̅ ̅ሺ−଴.଼ଽଽሻ                                              (5-10) 

௚ߤ = ͳ × ͳͲ−ଽ݌ோ̅̅ ̅ଶ − ͳ × ͳͲ−଺݌ோ̅̅ ̅ + Ͳ.ͲͳͶ͵        (5-11) 

Table 5-10 –Results’ evaluation of gas formation volume factor and viscosity. 

̅̅̅̅ࡾ࢖  (psia) ࢍ࡮ (bbl/Mscf) 
Prediction 

Equation (5-10) 
Deviation �ࢍ (cP) 

Prediction 

Equation (5-11) 
Deviation 

5070 - - - - - - 

4998 - - - - - - 

4798 - - - - - - 

4698 - - - - - - 

4398 0.853 0.824 3.4% 0.0350 0.0293 16.4% 

4198 0.874 0.858 1.8% 0.0327 0.0278 15.1% 

3998 0.901 0.897 0.4% 0.0306 0.0263 14.0% 

3798 0.933 0.940 -0.7% 0.0288 0.0249 13.4% 

3598 0.970 0.986 -1.7% 0.0271 0.0237 12.7% 

3398 1.015 1.039 -2.3% 0.0255 0.0225 11.9% 

3198 1.066 1.096 -2.8% 0.0240 0.0214 11.0% 

2998 1.125 1.163 -3.4% 0.0227 0.0203 10.6% 

2798 1.196 1.236 -3.4% 0.0214 0.0193 9.6% 

2598 1.281 1.321 -3.1% 0.0203 0.0185 9.0% 

2398 1.380 1.422 -3.1% 0.0193 0.0176 8.6% 

2198 1.498 1.538 -2.6% 0.0184 0.0169 8.0% 

1998 1.642 1.675 -2.0% 0.0175 0.0163 6.9% 

1798 1.819 1.843 -1.3% 0.0168 0.0157 6.4% 

1598 2.035 2.050 -0.7% 0.0161 0.0153 5.3% 

1398 2.315 2.308 0.3% 0.0155 0.0149 4.1% 

1198 2.689 2.656 1.2% 0.0150 0.0145 3.1% 

998 3.190 3.124 2.1% 0.0146 0.0143 2.1% 

798 3.911 3.819 2.4% 0.0142 0.0141 0.4% 

The curve fitted for the formation volume factor describes successfully its evolution as 

pressure decreases, since the maximum deviation observed was 3.4%. It is important to 
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mention that the predicted values are smaller than the expected ones for higher 

(3998-4398 psia) and lower (798-1398 psia) pressures, but they are greater between this 

two ranges, i.e. from 1598 to 3798 psia. 

For the gas viscosity’s case, it is observed that the deviation of the estimated values 

decreases as pressure drops, and the maximum deviation obtained was 16.4% at 4398 psia. 

In this case, every estimated value is lower than the expected. 

In Appendix C, a suggestion to decrease the deviations in the prediction of oil formation 

volume factor and oil and gas viscosity is presented. 

Last but not least it is necessary to study the evolution of dissolved-gas oil ratio, which is 

discretised in Table 5-11 and Table 5-12. ܴ௦ = ͳͻ͹.ʹͳ�xp ሺͲ.ͲͲͲ͸݌ோ̅̅ ̅ሻ       (5-12) 

The equation used for its prediction (equation 5-12) does not expect a decrease as high as 

the data implied for the higher pressures. Between 4398 and 3798 psia the deviations 

range from -22.9% to -16.8%, which indicate that the equation for this pressure interval 

should be altered for a better estimate. The predicted values are greater than the real 

ones until pressure reaches 2398 psia, and from this pressure until 1198 psia the prediction 

is smaller than reality. However, from this point on, the prediction is again higher than 

the data. 

Table 5-11 – Results’ evaluation of dissolved-gas oil ratio. 

̅̅̅̅ࡾ࢖  (psia) ࢙ࡾ (scf/stb) 
Prediction 

Equation (4-37) 
Deviation 

5070 2909 2909 - 

4998 2909 2909 - 

4798 2909 2909 - 

4698 2909 2909 - 

4398 2247 2762 -22.9% 

4198 2019 2454 -21.5% 

3998 1828 2175 -19.0% 

3798 1651 1928 -16.8% 

3598 1500 1711 -14.1% 

3398 1364 1516 -11.1% 

3198 1237 1347 -8.9% 

2998 1111 1192 -7.3% 

2798 1013 1058 -4.5% 
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Table 5-12 – (continuing) Results’ evaluation of dissolved-gas oil ratio. 

̅̅̅̅ࡾ࢖  (psia) ࢙ࡾ (scf/stb) 
Prediction 

Equation (4-37) 
Deviation 

2598 918 939 -2.3% 

2398 833 831 0.3% 

2198 752 737 2.0% 

1998 677 654 3.4% 

1798 608 579 4.7% 

1598 524 514 2.0% 

1398 461 456 1.0% 

1198 406 404 0.4% 

998 344 359 -4.4% 

798 283 318 -12.5% 

5.2.1 Evaluation of oil production 

After the properties’ analyses, one should revise the predicted oil production, and 

compare it with the real results. Fig. 5-6 shows the cumulative oil produced with pressure 

progress, and the plotted values are detailed in Table B-2. 

The effect of gas solubility’s miscalculation is clear in Fig. 5-6, as an unexpected pressure 

drop happens after the bubble point pressure is achieved. However, the predicted curve 

has the correct tendency, since pressure maintenance leads to higher recoveries, and 

when gas production starts, the rate of oil production decreases. 

 After about 3000 psia, the predicted curve does not describe the same curvature as the 

data curve; instead it is nearly a straight line. This phenomenon can be explained by the 

combination of all the assumptions made in the model.  

These assumptions may not be fully correct when a large quantity of gas forms in the 

reservoir, because reservoir characteristics start to be more similar to a gas reservoir than 

to a liquid’s reservoir (Woods 1935). 
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Fig. 5-6 – Comparison of actual performance with model prediction of pressure evolution with oil production. 

For a deeper analysis, one can study the cumulative gas evolved from solution and 

solubility, whose evolutions are represented in Fig. B-6, and Fig. 5-7 shows the period 

worth studying. 

 

Fig. 5-7 – Prediction of cumulative volume of free gas evolution with time. 

In the beginning of the production, there is no free gas in the reservoir and gas solubility is 

constant; when reservoir pressure reaches the bubble point, gas evolves from solution, as 

gas solubility drops. Contrarily, the simulation’s results showed in Fig. 5-7 denote an 

increase in solubility, leading to negative values of cumulative volume of free gas in the 

reservoir.  

As a result, the model predicts ineffectively the reduction in pressure, which explains the 
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0

1000

2000

3000

4000

5000

6000

0 0.4 0.8 1.2 1.6 2 2.4

P
re

ss
u

re
 (

p
si

a
) 

No (million stb) 

Data

Prediction

-800

-600

-400

-200

0

200

400

600

800

1000

2800

2850

2900

2950

3000

0 50 100 150 200 250

G
 (

M
M

sc
f)

 

R
s 

(s
cf

/s
tb

) 

t (d) 

Rs G



Development of a reduced-order model for oil and gas reservoirs 

Model Validation and Sensitivity analysis  43 
  

positive value, which would contribute to reservoir pressure maintenance, the cumulative 

free gas is negative, resulting from the solubility increase and the nonexistence of free gas 

in the reservoir. 

Fig. 5-8 shows the variation of oil and gas flowrate with time. When pressure is greater 

than the bubble point, there is no gas flowrate, and the oil flowrate decreases. As soon as 

this pressure is achieved, due to pressure decrease, a sudden decrease is observed in the 

oil flowrate, but as pressure is maintained by the evolved gas, oil flowrate increases. 

The moment gas saturation exceeds the critical one, gas flowrate increases until it 

reaches its maximum. In this stage the oil flowrate decreases quickly because of the 

higher mobility of gas, which allows it to flow better through the porous medium. 

 

Fig. 5-8 – Predicted oil and gas flowrate vs time. 

Fig. 5-9 illustrates the oil and gas saturation, and it is noticeable that gas saturation is 

influenced by the error in the cumulative free gas. However, their general behaviour is 
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Fig. 5-9 – Oil and gas saturations vs time. 

The relative permeabilities of oil and gas are represented in Fig. 5-10, and once again the 

effect of the miscalculations previously mentioned is noticeable in the gas saturation 

curve. Because gas saturation is negative, its relative permeability is also negative and 

consequently the oil’s is greater than one. 

 

Fig. 5-10 – Oil and gas relative permeabilities vs time. 
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Fig. 5-11 – Average reservoir pressure vs time. 

The total time estimated of oil production was of about sixteen years, which is more than 

the reported time of 12 years, from 1953 until 1965. This can be explained by mainly the 

fact that the simulation only considered one producing well, while in reality there were 

eleven wells producing for the same drainage area (Jacoby and V. J. Berry 1957, Cordell 

and Ebert 1965). 

Pressure evolution can also be evaluated based on the radius, Fig 5-12 shows a plot of the 

pressure variation with time and radius. 

 

Fig. 5-12 – Pressure variation with time and radius obtained from the simulation. 
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For this reason, pressure should be plotted just against radius, resulting on Fig. 5-13, 

which shows the reservoir’s pressure profile at the beginning and at the end of the 

production. 

The two curves show the expected pattern for a pressure profile and the difference in 

pressure ranges between them results from the production process.  

At the initial moment the pressure inside the reservoir ranges from 5070 to 5033 psia, and 

after the fluids’ production the new pressure range is of 765 to 758 psia. 

 

Fig. 5-13 – Initial and final pressure profile of the simulated reservoir. 
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6 Conclusion and Future Work 

The Nodal Analysis showed to be a good method for predicting oil’s production, despite all 

the assumptions and simplifications made. However, better techniques of properties’ 

estimation should be considered to improve the results’ quality, mainly when pressures 

start to drop to low values. 

For the correct prediction of the recovered oil, from a reservoir containing highly volatile 

oil, it is essential to include the dissolved-gas that may be recovered. The assumption that 

all the evolved gas that enters the well stays in the gaseous phase can lead to inaccuracies 

in the results. 

The results of model verification indicate that the gas’ behaviour, especially for low 

pressures, may have a great effect on oil’s flow and recovery, damaging the curve of 

average reservoir pressure against cumulative produced oil. For this matter, it should be 

considered that the reservoir starts to behave more similarly to a gas reservoir. 

The errors observed for lower pressures may not be too problematic in real practice, 

because near the bubble point pressure it is recommended to initiate secondary or 

enhanced oil recovery to maintain pressure and consequently improve oil’s production. 

In the future, correlations for the gas compressibility factor and the friction factor should 

be included in the model. In the case of the friction factor, it is even possible to eliminate 

the outflow performance equations and connect the reservoir model to a well model, 

which will result in better predictions. 
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Appendix A – Idealized Reservoir Data and 

Results 

Table A-1– Idealized reservoir property data (SPE 2015). 

Parameter Value ࡭ (acre) 80 � (ft) 6700 � (mD) 5.0 ࢎ (ft) 20 �ࢀ 31 (%) ࢏ (oF) 131 ̅̅̅̅ࡾ࢖  1.06 ࢍ� 0.85 ࢕� 1.466 (bbl/stb) ࢏࢕࡮ ሺ%ሻ 20࢘࢕ࡿ 5 (%) ࢉࢍࡿ 20 (%) ࢘࢘࢏�ࡿ 838.5 (scf/stb) ࢏࢙ࡾ 2.10 (million stb) ࡼ�ࡻࡻ 100 (psia) ࢖ࢋ࢙࢖ 199 (psia) ࢌ�࢖ 1688 (psia) ࢖࢈࢖ 2000 (psia) ࢏
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Fig. A-1 – Oil formation volume factor data and fitted curves (SPE 2015). 

 

Fig. A-2 – Gas formation volume factor data and fitted curve (SPE 2015). 

 

Fig. A-3 – Oil viscosity data and fitted curve (SPE 2015). 
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Fig. A-4 – Gas viscosity data and fitted curve (SPE 2015). 

 

Fig. A-5 – Dissolved-gas oil ratio data (SPE 2015). 
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Table A-2 – Analysis of the evolution of recovery with pressure. 

pr (psia) Recovery (%) Pred. 1 Deviation Pred. 2 Deviation 

2000 0.00 0.00 - 0 - 

1810 0.37 0.69 -88.0% 0.68 -84.8% 

1780 0.46 0.85 -85.5% 0.84 -82.4% 

1680 1.10 1.16 -5.5% 1.16 -5.1% 

1660 1.47 1.49 -1.1% 1.53 -4.1% 

1650 2.11 1.86 11.6% 1.76 16.8% 

1640 2.66 2.05 23.0% 1.98 25.7% 

1630 3.03 2.32 23.5% 2.26 25.3% 

1620 3.58 2.58 27.9% 2.47 30.9% 

1610 4.04 2.83 29.8% 2.75 32.0% 

1600 4.40 3.08 29.9% 3.01 31.5% 

1590 4.68 3.35 28.3% 3.27 30.0% 

1570 5.23 3.94 24.6% 3.78 27.8% 

1560 5.69 4.24 25.5% 4.08 28.3% 

1550 6.15 4.45 27.6% 4.37 28.9% 

1540 6.70 4.80 28.4% 4.60 31.4% 

1520 7.34 5.33 27.4% 5.20 29.1% 

1500 8.17 5.89 27.9% 5.72 30.0% 

1450 9.82 7.35 25.2% 7.22 26.5% 

1400 11.70 8.86 24.3% 8.66 26.0% 

1360 12.80 10.00 21.9% 9.84 23.1% 

1310 13.80 11.41 17.3% 11.19 18.9% 

1270 14.60 12.44 14.8% 12.21 16.4% 

1210 16.00 13.78 13.8% 13.55 15.3% 

1160 16.90 14.76 12.7% 14.50 14.2% 

1100 17.80 16.99 4.6% 15.46 13.1% 

1040 18.70 16.53 11.6% 16.26 13.1% 

1010 19.10 16.88 11.6% 16.61 13.0% 

974 19.70 17.25 12.4% 16.99 13.8% 

912 20.60 17.80 13.6% 17.57 14.7% 

866 21.20 18.15 14.4% 17.94 15.4% 

815 21.90 18.48 15.6% 18.31 16.4% 

764 22.60 18.77 16.9% 18.62 17.6% 

701 23.20 19.09 17.7% 18.97 18.2% 

615 24.10 19.45 19.3% 19.38 19.6% 

519 25.00 19.79 20.8% 19.77 20.9% 
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Appendix B – Louisiana Volatile-Oil Reservoir 

Data and Results 

Table B-1 – Reservoir property data (Jacoby and V. J. Berry 1957, Cordell and Ebert 1965, SPE 2015). 

Parameter Value ̅̅̅̅ࡾ࢖  51.2 ࢕� 2.703 (bbl/stb) ࢏࢕࡮ 28.3 (%) ࢘࢘࢏�ࡿ 1568 (acre) ࡭ 13.6 (%) ࢏� 24.4 (ft) ࢎ 10.992 � (mD) 174 (million stb) ࡼ�ࡻࡻ 2909 (scf/stb) ࢏࢙ࡾ 65 (oF) ࢖ࢋ࢙ࢀ 246 (oF) ࢀ 500 � (ft) 10000 (psia) ࢖ࢋ࢙࢖ 4698 (psia) ࢖࢈࢖ 5070 (psia) ࢏

 

 

Fig. B-1 – Oil formation volume factor data and fitted curve (SPE 2015). 

 

Bo = 1x10-14pr
4 - 1x10-10pr

3 + 4x10-7pr
2 - 0.0003pr + 1.2924 

R² = 0.998 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 1000 2000 3000 4000 5000 6000

B
o
 (

b
b

l/
st

b
) 

pr (psia) 

Below bp Above bp



Development of a reduced-order model for oil and gas reservoirs 

Louisiana Volatile-oil Reservoir Data and Results   55 
 

 

Fig. B-2 – Gas formation volume factor and fitted curve (SPE 2015). 

 

Fig. B-3 – Oil viscosity data and fitted curve (SPE 2015). 

 

Fig. B-4 – Gas viscosity data and fitted curve (SPE 2015). 
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Fig. B-5 – Dissolved-gas oil ratio data (SPE 2015). 

Table B-2 – Evolution of cumulative oil production, and results’ analysis. ̅̅̅̅ࡾ࢖  (psia) ࢕ࡺ (million stb) Predicted Deviation 

5070 0 0 - 

4998 0.036 0.025 29.8% 

4798 0.130 0.092 29.5% 

4698 0.184 0.122 33.9% 

4398 0.582 0.311 46.6% 

4198 0.808 0.668 17.3% 

3998 1.022 0.891 12.8% 

3798 1.227 1.255 -2.3% 

3598 1.388 1.208 13.0% 

3398 1.528 1.328 13.1% 

3198 1.646 1.431 13.0% 

2998 1.764 1.530 13.3% 

2798 1.861 1.621 12.9% 

2598 1.947 1.709 12.2% 

2398 2.022 1.799 11.0% 

2198 2.097 1.888 10.0% 

1998 2.151 1.977 8.1% 

1798 2.215 2.070 6.6% 

1598 2.269 2.162 4.7% 

1398 2.323 2.252 3.1% 

1198 2.366 2.338 1.2% 

998 2.420 2.418 0.1% 

798 2.463 2.481 -0.7% 
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Fig. B-6 – Dissolved-gas oil ratio and cumulative free gas vs time. 
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Appendix C – Corrections 

The properties’ prediction of the Louisiana volatile-oil reservoir using the fitted curve to 

the data showed large deviations. This may be caused by the use of few decimal numbers 

in the equations’ parameters. 

Table C-1 relates the results of equation (5-8) with equation (C-1) in the oil formation 

volume factor calculation.  

௢ܤ = ͳ.ʹʹʹ͵ × ͳͲ−ଵସ݌ோ̅̅ ̅ସ − ͻ.ͻͳ͹Ͳ × ͳͲ−ଵଵ݌ோ̅̅ ̅ଷ + ͵.Ͳ͹͸Ͷ × ͳͲ−଻݌ோ̅̅ ̅ଶ − ʹ.ͳ͸ͻ͹ × ͳͲ−ସ݌ோ̅̅ ̅ + ͳ.ʹͷ͹Ͷ   (C-1) 

Table C-1 – Correction of oil formation volume factor. ̅̅̅̅ࡾ࢖  (psia) ࢕࡮ (bbl/stb) Equation (5-8) Deviation Equation (C-1) Deviation 

4398 2.338 2.945 -26.0% 2.389 -2.2% 

4198 2.204 2.793 -26.7% 2.225 -0.9% 

3998 2.093 2.653 -26.8% 2.090 0.1% 

3798 1.991 2.526 -26.9% 1.979 0.6% 

3598 1.905 2.411 -26.6% 1.888 0.9% 

3398 1.828 2.302 -25.9% 1.812 0.9% 

3198 1.758 2.202 -25.2% 1.747 0.6% 

2998 1.686 2.102 -24.7% 1.690 -0.2% 

2798 1.632 2.008 -23.0% 1.638 -0.4% 

2598 1.580 1.916 -21.3% 1.590 -0.6% 

2398 1.534 1.824 -18.9% 1.543 -0.6% 

2198 1.490 1.737 -16.6% 1.498 -0.5% 

1998 1.450 1.652 -13.9% 1.453 -0.2% 

1798 1.413 1.569 -11.0% 1.409 0.3% 

1598 1.367 1.491 -9.1% 1.367 0.0% 

1398 1.333 1.420 -6.5% 1.328 0.4% 

1198 1.305 1.355 -3.8% 1.293 0.9% 

998 1.272 1.302 -2.4% 1.267 0.4% 

798 1.239 1.261 -1.8% 2.389 -2.2% 

The use of equation (C-1) clearly improved the prediction of this property below the 

bubble point, decreasing the error to less than 1% in the majority of the pressures 

considered. 
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The prediction of oil viscosity was also improved by equation (C-2) and the comparison 

between equation (C-2) and equation (5-9) is shown in Table C-2. 

௢ߤ = ͵.͸Ͷͳʹ × ͳͲ−ଵ�xp ሺ−͵.͵ͷʹͶ × ͳͲ−ସ݌ோ̅̅ ̅ሻ                         (C-2) 

Table C-2 – Correction of oil viscosity. ̅̅̅̅ࡾ࢖  (psia) �࢕ (cP) Equation (5-9) Deviation Equation (C-2) Deviation 

4398 0.0847 0.0985 -16.3% 0.0834 1.6% 

4198 0.0906 0.1045 -15.3% 0.0891 1.6% 

3998 0.0968 0.1110 -14.6% 0.0953 1.5% 

3798 0.1028 0.1179 -14.7% 0.1019 0.9% 

3598 0.1104 0.1251 -13.3% 0.1090 1.3% 

3398 0.1177 0.1329 -12.9% 0.1166 1.0% 

3198 0.1242 0.1410 -13.5% 0.1246 -0.3% 

2998 0.1325 0.1499 -13.1% 0.1333 -0.6% 

2798 0.1409 0.1591 -12.9% 0.1425 -1.1% 

2598 0.1501 0.1689 -12.5% 0.1524 -1.5% 

2398 0.1598 0.1796 -12.4% 0.1630 -2.0% 

2198 0.1697 0.1906 -12.3% 0.1743 -2.7% 

1998 0.1817 0.2024 -11.4% 0.1864 -2.6% 

1798 0.1940 0.2150 -10.8% 0.1993 -2.7% 

1598 0.2064 0.2283 -10.6% 0.2131 -3.2% 

1398 0.2223 0.2422 -9.0% 0.2279 -2.5% 

1198 0.2438 0.2574 -5.6% 0.2437 0.0% 

998 0.2629 0.2731 -3.9% 0.2606 0.9% 

798 0.2882 0.2900 -0.6% 0.2787 3.3% 

At high pressures, the deviations decreased from around 15% to around 1.5%. 
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The gas viscosity’s prediction also showed deviations that implied that the fitted curve 

was not fully correct. Equation (C-3) is presented as a solution to this miscalculation. 

௚ߤ = ͳ.ʹ͹ͺ͹ × ͳͲ−ଽ݌ோ̅̅ ̅ଶ − ͻ.ͺͺͳʹ × ͳͲ−଻݌ோ̅̅ ̅ + ͳ.Ͷʹͷ͸ × ͳͲ−ଶ               (C-3) 

Table C-3 – Correction of gas viscosity. ̅̅̅̅ࡾ࢖  (psia) �ࢍ (cP) Equation (5-11) Deviation Equation (C-3) Deviation 

4398 0.0350 0.0293 16.4% 0.0346 1.0% 

4198 0.0327 0.0278 15.1% 0.0326 0.2% 

3998 0.0306 0.0263 14.0% 0.0307 -0.5% 

3798 0.0288 0.0249 13.4% 0.0289 -0.5% 

3598 0.0271 0.0237 12.7% 0.0273 -0.6% 

3398 0.0255 0.0225 11.9% 0.0257 -0.6% 

3198 0.0240 0.0214 11.0% 0.0242 -0.7% 

2998 0.0227 0.0203 10.6% 0.0228 -0.4% 

2798 0.0214 0.0193 9.6% 0.0215 -0.5% 

2598 0.0203 0.0185 9.0% 0.0203 -0.1% 

2398 0.0193 0.0176 8.6% 0.0192 0.3% 

2198 0.0184 0.0169 8.0% 0.0183 0.8% 

1998 0.0175 0.0163 6.9% 0.0174 0.6% 

1798 0.0168 0.0157 6.4% 0.0166 1.1% 

1598 0.0161 0.0153 5.3% 0.0159 1.0% 

1398 0.0155 0.0149 4.1% 0.0154 0.8% 

1198 0.0150 0.0145 3.1% 0.0149 0.6% 

998 0.0146 0.0143 2.1% 0.0145 0.4% 

798 0.0142 0.0141 0.4% 0.0143 -0.6% 

This new equation allowed achieving deviations lower than 1% in most of the pressures 

studied. 

This study demonstrates that the errors in the prediction of these three properties were 

due to the fact that not enough decimal numbers were used in the fitted curves. 


	1 Introduction
	1.1  Motivation and Objective
	1.2 Structure of the thesis

	2 Background
	2.1  Reservoirs’ Fluids Properties
	2.2  Properties of fluid-containing rocks
	2.2.1 Porosity
	2.2.2 Permeability
	2.2.3 Rock compressibility
	2.2.4 Saturation
	2.2.5 Wettability
	2.2.6 Capillary Pressure

	2.3 Flow geometries
	2.4  Primary Recovery
	2.4.1 Water-drive reservoir
	2.4.2 Solution-gas reservoir
	2.4.3 Gas-cap drive reservoir
	2.4.4 Gravity drainage drive reservoir

	2.5  Secondary and Enhanced Oil Recoveries
	2.5.1 Mobility control
	2.5.2 Water flooding
	2.5.3 Carbon dioxide flooding


	3 Materials and Methods
	3.1 gPROMS® ModelBuilder

	4 Mathematical Description
	4.1  Nodal Analysis
	4.1.1 Reservoir: Solution-gas drive modelling
	4.1.2 Piping System

	4.2 Reservoir and Reservoir Fluids’ properties
	4.2.1 Compressibility
	4.2.2 Porosity
	4.2.3 Permeability
	4.2.4 Density
	4.2.5 Viscosity
	4.2.6 Formation Volume Factors
	4.2.7 Dissolved-gas oil ratio
	4.2.8 Gas solubility in water
	4.2.9 Gas compressibility factor
	4.2.10 Friction factor


	5 Model Validation and Sensitivity Analysis
	5.1  Idealized Reservoir
	5.1.1 Evaluation of oil production

	5.2  Louisiana volatile-oil reservoir
	5.2.1 Evaluation of oil production


	6 Conclusion and Future Work
	7 References
	Appendix A – Idealized Reservoir Data and Results
	Appendix B – Louisiana Volatile-Oil Reservoir Data and Results
	Appendix C – Corrections

