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ABSTRACT 

Geologists and petroleum engineers work together and aim at improving reservoir 

performance. Reservoir simulation is widely used to study the reservoir. The geology of the 

reservoir has to be studied as the mineralogy and macroscopic properties of the rocks play a 

vital role in the reservoir fluid recovery.  

This study uses experimental analysis and reservoir simulation to observe and analyse the 

individual effects of two distinct sandstones on reservoir fluid recovery and immiscible fluid 

displacements in a reservoir. Wallace and Fontainebleau sandstones are the two miner 

logically distinct sandstones studied. Wallace from the Wallace quarries in Nova Scotia is a 

glauconitic sandstone with 82 per cent quartz and it contains micaceous materials. 

Fontainebleau from Paris (Ile de France) is a quartz arenite, with 99 per cent quartz and it is 

clay free.  

The Eclipse Black Oil Simulator was used to obtain the produced volumes from the two 

distinct sandstones. This was achieved by inputting the experimentally derived individual 

rock properties of these sandstones into an original reservoir model using the pre and post 

processor Petrel software before the simulation run. 

From experimental analysis it was observed that Wallace sandstone had more porosity than 

Fontainebleau sandstone but less permeability. The residual oil saturation of Wallace was 

also found to be lower than that of Fontainebleau. From simulated results, Fontainebleau 

sandstone had a higher reservoir fluid recovery. 
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Chapter 1 INTRODUCTION 

1.1 Background 

Reservoir engineers aim at examining, describing, studying, and understanding the oil and 

gas underneath the surface of the earth, which cannot be physically touched before 

production. Geological analysis is initially done to get the type of reservoir rock, source rock 

which can have a high level of heterogeneity. The purpose of reservoir modeling and 

simulation is to study a reservoir, analyze the recoverable reserves which aids in making 

management decisions. A model of a reservoir aims at creating a smaller three dimensional 

view than the original reservoir, different scenarios are analyzed at reduced or no cost 

(Carlson, 2003). 

A Petroleum Reservoir is a concealed expanse of rock that contains gas, oil and water 

contained in pore spaces, two main properties of a reservoir rock is the capacity to store and 

transmit fluid, technically referred to as porosity and permeability. These properties can be 

affected by diagenetic processes, texture (grain size, grain shape, packing, sorting, deposition, 

grain orientation) of Sedimentary rock (University of Florida, 2001).  

Two distinct mineralogical sandstones; Fontainebleau and Wallace Sandstones are used in 

this project. In essence, they are of distinct mineralogical composition. Fontainebleau is 

gotten from the Paris (Ile de France), clay free, very pure (99.8% quartz), it has very high 

pore geometry variation (Schmitt, 2012). It is found to be very good for test analysis to 

understand the effect of sandstone composition on fluid recovery. 

On the other hand Wallace consists of different components and contains clay which swells 

when it is in contact with water. It is gotten offshore Nova Scotia and has an above average 
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chemical composition of Silicon Dioxide (Quartz) (Natural Research Council, Halifax 

Novascotia, 1967). 

In this project, an attempt was made to observe the effects these sandstones can cause on 

reservoir performance, using experimental analysis and reservoir simulation. Reservoir 

simulation was carried out using the Eclipse Black Oil simulator, Petrel was used as the pre 

and postprocessor, appendix D contains an overview of Petrel and Eclipse.  

1.2 Objective 

1) To petrophysically characterize the core samples and examine experimental data. 

 

2) Estimate the relative permeability and capillary pressure from experimental data, using 

correlations. 

 

3) To use reservoir simulation and experimental data to observe, understand and analyze the 

recovery of the core with regards to the effect of the mineralogically distinct sandstones.  
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Chapter 2  LITERATURE REVIEW ON ROCKS 

2.1 Introduction  

It is well known that the Earth is made up of rocks and minerals, these rocks  occur naturally 

and are made of two or more minerals that are chemically bonded, the quantity of the mineral  

is determined by how the rock is formed (Lyons, 1996). The size of the crystals of these 

mineral would determine if they are monomineralic (Pettijohn, 1987). Geologists classify 

rocks based on how they were formed. Minerals are homogeneous, naturally occurring and 

have definite chemical composition. Most Rocks contain Silica (SiO2) forming crystals after 

reacting with other compounds in the rocks (Lyons, 1996). Information gotten from the 

research on geological maps of continental areas of the earth, show that these areas are 

subdued by 66% of sedimentary rocks. (Tracy, 1996) 

2.1.1 Types of Rocks 

The composition of the Earth is of three rock types they include igneous, metamorphic and 

sedimentary. These rocks are formed from a process called the rock cycle, igneous rock is 

formed through the cooling of magma or lava. Sedimentary rocks are formed from sediments 

through diagenesis effect caused by chemical and physical changes (burial, compaction) and 

then lithification. Metamorphic rocks are formed due to the application of pressure, heat and 

other chemical process to formerly existing rocks (Wilson, 1995). Based on circumstantial 

evidence, petroleum reservoir rocks are believed to be mainly sedimentary rocks (Lyons, 

1996). The components of petroleum contained in the reservoir rocks include; alkanes, 

aromatics and polar compounds (R.Worden, 2009).  
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2.2 Sedimentary rocks 

The processes that lead to lithification, source materials, the erosion process, chemical and 

physical actions during the deposition are ways and characteristic features by which 

sedimentary rocks can be identified. Source material is a coalition of rocks from a particular 

rock or different rocks, for example, the broken up particles of either a metamorphic, igneous 

or already formed sedimentary rocks (Richard,1979). Silicon and Oxygen are elements with 

the greatest abundance in the earth crust and hence Silicates are mostly found as the main 

minerals for the formation of rocks. Silicates contain the group; silica (quartz), feldspar, 

mica, clay, etc. (Richard, 1979).  

Calcite carbonates are mandatory in the formation of rocks. Calcite is usually formed by the 

reaction of solution water and dissolved minerals. In sedimentary rocks they form cements or 

occur as fine particles (Richard, 1979).  

2.2.1 Classifications of Sedimentary rocks 

There are different sandstone classification systems. Sedimentary rocks are broadly classified 

into carbonates, shales (mudrocks) and sandstones; shales constitute 50%, sandstone makes 

25%, Carbonates mostly contains calcite and dolomite with clay and quartz as their secondary 

minerals (Dullien, 1992) .  

Sedimentary rocks are fundamentally divided into Clastic and Non – Clastic; Clastic 

sedimentary rocks are clasts sediments formed from pre-existing rocks, which are exposed to 

weathering which weakens the rock. Erosion transports the loose or complete sediments, 

which are deposited and lithified by diagenesis as initially noted (Wilson, 1995). Rock 

minerals are exposed to the atmosphere and percolated by groundwater and they undergo 

physical and chemical changes, this process is known as weathering. During chemical 

weathering, new minerals are formed from the reaction between ground water and ions of 
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minerals (Richard, 1979). Clastic rocks are rich in quartz (sandstone) and clay (shale). Quartz 

remains after weathering as they are highly resistant, while clay is as a result of the 

destruction minerals mainly feldspar. Non clastic sediments are newly formed sediments in a 

biogenic and chemical process (Wilson, 1995).  

Another classification of sedimentary rocks is based on their textures, they are of two types; 

the ones which occur when there has been overburden rock compaction and the other occurs 

from the recrystallization of sediments in aqueous solution or crystallization of those 

sediments, they are referred to as clastic and interlocking textures respectively (Richard, 

1979).    

Grain shape, grain size, sorting, packing are ways of describing textures. Grain shape is 

defined by the sphericity and roundness of the rocks. The shape of the rock depends on the 

piece from the parent Mass that was initially broken off, its physical properties and processes 

responsible for a valuable reformation during its transport. Grain Size is considered based on 

the smallest cross sectional area (Richard, 1979). Grain size distribution is usually ranged in 

Phi (ᵩ) Units (Tracy, 1996). Sorting is the qualitative measurement of the level of separation 

between the pieces of the parent mass. Sediments that are well sorted mainly contain grains 

of the same size; these sizes and degree of sorting are vital information in explaining and 

understanding the history behind the deposition of sediments. Packing depends on grain 

shape and size (Richard, 1979).  

Sedimentary rocks can also be classified into three main categories that help to determine the 

source of the rocks; detrital, chemical and biochemical, diagenetic sedimentary rocks.  

Detrital rocks are as a result of the weathering and erosion of preexisting rocks, and they 

contain loose rocks, they are separated and named based on the grain shape, size or 

composition. Biochemical and chemical rocks are precipitated materials formed during the 
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process of chemical weathering; their mineral constituents determine their subdivision. 

Diagenetic rocks are as a result of biochemical alteration of the parent rock. Identification 

and naming of diagenetic rocks is based on their compositions (Richard,1979). The main 

difference between detrital rocks and diagenetic rocks is the level of change undergone by 

diagenesis (Richard, 1979).  

2.3 Sandstone 

Sandstone contains mainly quartz minerals and other mineral constituents in minute quantity 

(Djebbar & Donaldson, 2004). Sandstone is more permeable when compared with shale but 

can have a lower permeability due to the cementation of pore spaces. The porosity of 

sandstone depends on the cementing material during diagenetic or lithification processes. 

Calcite, quartz and dolomite are the recurrent cementing materials. A high level of 

cementation can reduce the size of interconnected pores, which is a direct determinant of 

permeability. Porosity of sandstone reduces with depth due to the overburden rock 

compaction (Richard,1979). 

The knowledge of depositional environment is paramount as it can be linked to mineral 

composition, but advisably not based solely on it (Tracy, 1996). During field observation, for 

the analysis of sandstones, the textural maturity is examined. During the migration of detrital 

sediment from the source rocks, the sediments are transformed in different levels; clay and 

silt are carried downstream after being washed out of the sediments, gravel and sand are 

sorted to the best possible form. Carbonate, feldspar and quartz slowly change in decreasing 

order respectively (Tracy, 1996). 

Textual maturity is usually a function of the stability of the depositional environment and the 

surrounding energy. It is divided into four parts; a) The immature stage still contains a large 

amount of clay and sand and are poorly sorted, b) next level is that clay has been washed out 
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but the grains are still poorly sorted, c) and then the grains are now well sorted but poor 

roundness and sphericity, d) Highest level of maturity is grains well sorted and rounded 

(Folk, 1954)  

Interpretation of the underlining petrology should be next in line after the classification of 

sandstones; the success in determining mineral composition is based on tectonics, climate, 

depositional environment and diagenesis (Tracy, 1996). Source of the minerals such as 

igneous, metamorphic, sedimentary and the nature of the depositional environment determine 

the Sandstone composition (Djebbar & Donaldson, 2004). 

Tectonics is the interactions of plates by their movement across the earth. The different types 

of interactions lead to exposing the sedimentary rocks by erosion caused by structural 

deformation. The release of mineral grains from source rocks and the formation of lithic or 

rock fragments are due to weathering and soil formation. Latitude has the foremost effect on 

climate. The accuracy of provenance studies is based on the knowledge of grain sizes, shapes 

and latitudinal positions of earth’s plates (Tracy, 1996). 

The different climatic conditions can change the type of sandstone deposited, based on the 

climate division into wet, humid, semiarid and arid. An example of precipitation increase 

from semi-arid to humid can cause a reduction in rock fragments and over hundred percent 

increase in quartz, these increase from the crystalline source rock to first cycle sediments in 

humid climate can cause pure quartz to be generated (Tracy, 1996). 

Climatic changes can affect tectonic signals and plate regimes are deciphered by tectonic 

signals. A widely accepted conclusion is that, the effects of disintegration of rock grains into 

mineral components occurs more in high gradient streams, effect of depositional environment 

is better known from sand mineralogy which is controlled by plate tectonics and mineral 

composition which can be used to infer the tectonic setting of the rock  (Tracy, 1996). 
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Table 2-1: Tectonic settings and their mineral compositions (Tracy, 1996) 

TECTONIC SETTINGS MINERAL COMPOSITIONS 

Divergent continental margins                  Typically contain 20-30% of foliated sedimentary 

and metamorphic lithic fragments, less rich in 

quartz. 

Intracontinental rift zones Richly feldspathic sands formed 

Convergent continental margins Volcanic lithic fragments accompanied by 

feldspar suite 

 

2.3.1 Classification of Sandstones  

The classification commonly used by petrologists is the division into quartz, feldspar and 

lithic fragments as illustrated in figure (2.1) below. They are considered the simplest 

mineralogical separation and classification of sandstone that also considers textual maturity 

(Tracy, 1996). This classification is one of the most important as it considers majorly the 

clastic petroleum reservoirs (Djebbar & Donaldson, 2004). 

 

Figure 2-1: Major classification of sandstone (Theodorovich, 1965; Djebbar & 

Donaldson, 2004) 
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Quartz: It contains purely SiO2, a cryptocrystalline of quartz is formed when they contain 

impurities and are referred to as chalcedony, intergrowth of the mineral impurities (Richard, 

1979). The bonds between the Silicon and the shared oxygen ions are strong thereby making 

quartz very impervious to chemical attacks (Tracy, 1996). Quartz is very durable, hardness of 

7, poor cleavage. In thin section studies of Quartz; it is either 90% quartz or composed of two 

or more crystals and this is referred to as monocrystalline and polycrystalline rock grains 

respectively. Quartz mostly exhibits a white color in sedimentary and metamorphic rocks; 

sometimes they occur as pure sandstone or as quartzites (quartz arenites). Geologists usually 

determine the color of rocks as they may have a genetic importance (Richard, 1979).  

Feldspar: Contrary to the nature of quartz, feldspars are very unstable in the sedimentary 

environment and are the most abundant in igneous and most likely metamorphic. In source 

rocks, feldspar is three times of the amount of quartz, and quartz is six times of feldspars in 

sandstones themselves. The type, percentage, variety of feldspars in sandstone depends on the 

type of tectonic setting, the rate at which it takes place and grain size distribution in the rock 

(Tracy, 1996) 

Lithic Fragments: These are the grains of a polymineralic source rock and they occupy 15-

20 percent of sandstones, information gotten from these fragments include; indication of the 

type of source rock, silica content of magma, how rapid crystals are formed (Tracy, 1996). 

Reservoir quality in sandstone is controlled by depositional porosity and permeability and has 

been initially noted as being affected by grain size, sorting, grain analysis, and the ratio of 

sand to mud matrix (R.Worden, 2009).  

2.3.2 Types of Sandstone 

 We have various types of sandstone and they include arkose (contains mainly feldspar, 

commonly conglomeratic or brecciatic, poorly sorted), greywacke (impure sandstone, 
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mixtures of clay, sand, silt and gravel that are poorly sorted, very little cement contained), tar 

sand (contains highly viscous bitumen, it is oil bearing, significant amount of intergranular 

sandstones) and sedimentary quartzite also referred to as quartz arenite or orthoquartzite. 

They are identified as detrital rocks and named by fracturing process, fracturing of rocks 

usually occurs at the points of cementation, however in some other sandstones due to the 

cementation by coarsely crystalline or chalcedonic quartz they are  properly cemented, hence 

they fracture also across the grains(Richard, 1979). 

As noted earlier the simplest classification is quartz, feldspar, and lithic fragments; they can 

be further subdivided as shown by the figure (2.2) below:  

 

 

Figure 2-2: Mineralogical subdivision of sandstone classification. (Richard, 1979) 

 

2.3.3 Fontainebleau 

Fontainebleau is gotten from Paris (Ile de France), clay free, very pure (99.8% quartz), it has 

porosity and permeability variation and very high pore geometry variation (Schmitt, 2012). 

France has a Eurasian plate known to be of a continental margin situated Western Europe 
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with a divergent boundary. From table (2.1), this tectonic setting has an effect on the 

sandstone mineralogical composition.  

This sandstone is a quartz arenite that usually contains pure quartz and it is of the Oligocene 

age. Its grains are of medium sizes, they also have good textural maturity evident by well 

sorted grains and a clay free property. The porosity varies considerably due to a variable pore 

structure. This sandstone is usually studied based on its macroscopic properties and pore 

structures arrangement (Song, 2008). Fontaine bleu sandstone possesses a large porosity 

variation from two to thirty percent, and it is of constant composition, it has a grain size of 

250𝜇m, (Zinszner, 1985) 

Fontaine bleu sandstone in the Paris basin is usually not greater than thirty degrees, quartz 

cements only form at burial depths of ninety degrees but for Fontainebleau sandstones, about 

twenty-five percent contains quartz cement (R. Worden et al, 2006). Quartz cement is said to 

be as a result of the reaction and disruption of organo silica in an active ground water system 

(Thiry & Marechal, 2001). 

Organo silanols mostly occur as silanols (SiOH), these silanols are formed because dissolved 

silic acids in the acquatic enviroment is relatively small. Large quantity of surface 

hydroxyldroups(OH) are thereby possesed by  silica/quartz (SiO2) and silicate rocks, 

hydrogen bonding reaction takes place between the SiO2 and water in a natural aqueous 

enviroment (Lickiss, 1995).Silica based packing has the capacity for adsorption of basic 

solutes (Nawrocki, 1997). 

The hydrolysis of silica in water is expressed in the chemical reaction: 

 SiO2 + 2 H2O = Si (OH)4  (Schnoor & Stumm, 1986). 
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Quartz has a much lower solubility of the order of 6 ppm SiO2 (Iler, 1979). Hydrolysis occurs 

when water and another substance decompose into ions. It is the highly reactive nature of 

hydrogen on minerals (Schnoor & Stumm, 1986). At ordinary temperatures, silica surfaces 

usually have a silixane surface (SiOSi), and they react readily with water, these surfaces are 

layered by silanol groups (SiOH) (Iler, 1979). It can then be deduced that the large quantity of 

quartz (SiO2) in Fontainebleau causes more reaction with water to take place on its surface, 

thereby increasing the amount of water on its surfaces. 

2.3.4 Glauconitic Sandstone 

They are diagenetic rocks and diagenesis formation occurs at low temperature, important 

diagenetic process includes solution, deposition, replacement, recrystallization, compaction 

and cementation. In between sedimentation and metamorphism in the rock cycle, the rocks 

formed are diagenetic and they are named based on the composition of the minerals (Richard, 

1979). 

 Glauconitic sandstones are usually referred to as green sands, their origin thought to be 

marine or biochemically related, but display the qualities of calcium carbonate that 

experienced diagenetic replacement (Richard, 1979). The mineralogy of the glauconite 

changes radically from that of the source material due to diagenetic processes involved in 

their formations (Hower, 1961). The dark colored Mica group of rock forming minerals 

known as biotite is abundant in igneous rocks that are rich in feldspar. Majority of those in 

sedimentary rocks have been washed out. Glauconite because of its solid solution has a very 

complex formula and is similar to biotite K (Mg, Fe)3 (AlSi3O10)(OH2). Its occurrence in 

marine sedimentary rocks is usually in form of green flakes or pellets (Richard, 1979). 

Glauconite acquired its name in 1828, the magnetic and microscopic analyses of the purified 

samples shows the composition to be KMgFe3Si6O18.3H2O (Schneider, 1927).  Glauconite 
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occurs in thin sections as sand-sized granular materials with green or brown (oxidized) 

colors. It was discovered that Cambro-Ordovician and cretaceous times was when glauconitic 

beds were found when sea levels were high and cratonitic blocks were dispersed (Tracy, 

1996). Glauconitic pellets in sandstone, limestone and dolomites are all monomineralic and 

they change in structure and composition with geologic age. The younger the glauconite the 

lower the potassium which results to more expandable layers (Hower, 1961). Glauconite is of 

the clay sized illite, mica mineral and may contain clay minerals such as kaolinite, 

montmorillolite and chlorite (Burst, 1958) (D.M.Triplehorn, 1966). They are usually simple 

and rounded and it develops along cleavage planes (Carozzi, 1960) (D.M.Triplehorn, 1966).  

2.3.4.1 Wallace 

The Wallace Sandstone is found along the Wallace River and has been deposited 300 to 

320millions years ago during the late carboniferous period. According to geologists;  from 

the Appalachian mountains, flowed fast moving great rivers running through Nova Scotia 

with gigantic land mass upheavals, along the eastern seaboard of North America, mixed with 

silicates and were buried by their weights. It has a grey green color, and the topography has 

been noticed to change over time (Virtual Museum of Canada, 2004).  Nova Scotia is known 

to have a continental margin and the eastern board of North America has a divergent 

boundary. From table 2.1, it is inferred that this tectonic setting affects the mineralogical 

composition of the sandstone.  
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Figure 2-3: Image of Wallace Sandstone (Virtual Museum of Canada, 2004) 

 

The figure (2.3) above shows the Wallace stone from Wallace Quarries which has a test data 

as a result of ASTM testing that gave the apparent porosity as 14.3% (Natural Research 

Council, 1967) and the results from mineral analysis as: SiO2(82%), Al2O3(8.12%), 

Fe2O3(3.19%), Na2O(1.67%), K2O(1.13%), MgO(0.72%), CaO(0.81%), TiO(0.29%), 

MnO(0.10%) (Dalhousie University, 2001). From a sample in the lab, Wallace was observed 

and has been used for various tests in the Dalhousie chemical Engineering lab, and is known 

to be a glauconitic sandstone with a greenish colour and has the sheet like material of mica 

that glows. This sheet like structure is the clay or micaceous minerals embedded it. Mica is 

known to have a reflective nature (Hedrick, 2004).  

The comparison of sandstones of almost extreme composition, one just above the average 

composition of quartz (Wallace) and the other 99% quartz composition (Fontainebleau) is the 

focus of the study considering the mineral compositional difference would have effects on 

their macroscopic properties and reservoir performance. 
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 2.4 Reservoir Characterization 

Quantitative and qualitative data can be interpreted from rocks by a considerable amount of 

tests: pore size distribution, sphericity and roundness, chemical composition, types of grains, 

clay mineral analyses, organic content of the pore fractions, source and setting of rock, 

capillary pressure, absolute and relative permeability, wettability, irreducible water 

saturation, residual water saturation, formation resistivity factor, surface area, porosity, etc. 

(Djebbar & Donaldson, 2004). 

Reservoir description involves the use of the quantitative and qualitative data which is 

paramount for numerical simulation of oil and gas reservoirs and aquifers. Reservoir 

characterization is related to the rock data (Dullien, 1992). In order to truly characterize a 

reservoir, it is necessary to obtain a close representation of the spatial distribution of reservoir 

properties, and permeability proves to be the most difficult to model (Balan, 1995).  

2.5 Overview on porous media (rock properties and fluid interaction) 

2.5.1 Pore Structure 

According to Dullien (1992), a pore can be likened to a room defined by its walls and doors 

leading to it, the doors are likened to the pore throats, the pore is a section of the pore space 

enclosed by solid surface (walls) and planes put at the smallest hydraulic radius rH (doors).  

Pore throats can affect the flow rate of fluids and the level of capillary penetration (Dullien, 

1992). Pore throats influence fluid flow in modeling (Dmitry B. Silin et. al, 2003). Pore 

geometry is identified by big open areas and small openings known as pore chambes and 

throats respectively (Doyen, 1987).  

Properties of porous media are better understood and interpreted by the extensive knowledge 

of Pore structures. Macroscopic properties of rocks are highly representative of the rock 
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sample; porosity, permeability, specific surface area, formation resistivity factor, threshold 

pressure are usually considered the most important properties (Dullien, 1992). 

To predict the behavior of a reservoir; its mandatory to understand the relationship between 

the source rock, hydrocarbon generation, formation and rock properties. These properties are 

gotten by laboratory tests on cores from the reservoir, due to the change in environment there 

can be little or sometimes very considerable changes on these properties (Ahmed, 2009) . 

2.5.2 Rock Properties 

The flow of the continuous phase (gas, oil or water) is dependent on the macroscopic 

properties. In essence, knowledge of these macroscopic properties and the interactions 

between the formation and hydrocarbon system are vital. These properties are usually gotten 

from experiments done in the laboratory on core samples (Tarek Ahmed, 2001).  

2.5.3 Porosity  

This is the ratio of pore volume to bulk volume, generally represented by ᴓ, as shown in 

equation 2.1 below. It is the space available for storing hydrocarbon, complete isolation of 

pores can be caused by extreme cementation. The porosity measured from the interconnected 

pores is known as the effective porosity which is the porosity of interest used by Reservoir 

engineers. There are changes from original porosity gotten during deposition, due to geologic 

processes, and these results in an induced porosity. Sandstone has an original intergranular 

porosity and these rocks have more uniformity (Tarek Ahmed, 2001). 

 Porosity (ᴓ)  =  
𝑃𝑜𝑟𝑒 𝑉𝑜𝑙𝑢𝑚𝑒

𝐵𝑢𝑙𝑘 𝑉𝑜𝑙𝑢𝑚𝑒
 =  

𝐵𝑢𝑙𝑘 𝑉𝑜𝑙𝑢𝑚𝑒 − 𝐺𝑟𝑎𝑖𝑛 𝑉𝑜𝑙𝑢𝑚𝑒

𝐵𝑢𝑙𝑘 𝑉𝑜𝑙𝑢𝑚𝑒
 

 

Eq. 2.1 

 

 (Tarek Ahmed, 2001) 
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Two major causes for the loss in porosity are cementation by silica, calcite or materials 

transported by outer sources or ground water and, compaction due to overburden rocks, so the 

porosity decreases with increasing depth. (Dullien, 1992) 

2.5.4 Saturation 

This is the amount of space occupied by gas, oil or water in the pore volume and it is 

measured in fraction or percentage. Saturation of oil is the ratio of the volume of oil in the 

pore to the pore volume and this also applies to gas and water. The sum of the saturations is 

in fraction and percentage, 1 and 100% respectively, (So + Sg + Sw = 1 or 100%). It is a widely 

accepted fact that in a reservoir, fluids are separated according to their densities, as a result of 

equilibrium. Water is contained in the pores before the migration of the oil into it and there is 

a displacement of water to a minimum point, which is the irreducible or connate water 

saturations, the capillary forces present in the pores retains the water (Tarek Ahmed, 2001). 

In order for oil to flow its saturation must exceed the critical oil saturation (Tarek Ahmed , 

2001). The saturation of the remaining oil left when the wetting phase displaces the non-

wetting phase, in a gas or water injection is known as the residual oil saturation (Tarek 

Ahmed, 2001). 

2.5.5 Wettability 

This is the ability of a fluid in the presence of another, to spread over a solid and this 

spreading attribute is best expressed in terms of the angle measured between the liquid-solid 

surfaces (Tarek Ahmed, 2001). 
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Figure 2-4: Wettability (Contact Angle) (Tarek Ahmed, 2001) 

As the contact angle (ɵ) decreases wettability increases. Fluid distribution is based on 

wettability, the wetting phase occupies smaller pores and non-wetting phase the larger pores 

(Tarek Ahmed, 2001). The angle measured through the liquid, at a liquid solid interface in a 

two phase systems is the contact angle, as shown in Figure (2.4) (Lee, 2013). 

2.5.5.1 Types of Wettability 

There are four states of wettability; water wet, fractional wettability, oil wet, mixed 

wettability.  

Water wet: When more than 50% of the rock surface has water spread on it, it is considered 

water wet, smaller pore spaces are filled with water and water is as a thin film spread out on 

large pore surface. Water is a continuous phase at or greater than the irreducible water 

saturation. During experimental tests, a water wet core is saturated with oil and then flooded 

with water, it is usually spontaneously imbibed, in cases where more water is forced till 

residual oil saturation, it is referred to as forced imbibition (Alam, 2008). Conclusions were 

made that reservoir rocks are majorly water wet and cores had other wetting properties due to 

core impairment (Norman R. Morrow, 1990). On the other hand, according to Chinedu et al 

Oil  Mercury  
Water 
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(2008), reservoir heterogenity causes variation in wettability properties of the reservoir. 

Highly water wet cores would show high irreducible water saturation value (Donnez, 2007). 

Fractionally wet: This occurs when there is discontinuity of the oil phase, water or oil wet 

surfaces are scattered throughout the rock and there is heterogeneous wetting of pore spaces 

(Alam, 2008; Brown, 1956). 

Mixed wet: During the migration of oil into the reservoir, some surface active compounds 

can react thereby displacing the thin films of water left on the large pore spaces which results 

in oil wetting those areas. As a result of high breakthrough pressure of the water wet pore 

surfaces, oil cannot displace water in the smaller pores. This can also be called neutral 

wettability (Alam, 2008;Salathiel, 1973). 

Oil Wet: Oil fills the smaller pores while water stays at the center as pockets surrounded by 

oil, in the larger pores. Water exists as a continuous phase in the large pores. Oil remains as 

the continuous phase at saturations greater or equal to the residual oil saturation (Alam, 

2008). 

According to Craig (1971), for an oil-rock-water system, after water flooding experiments, 

relative permeability measurements that are gotten can be used to specify the type of 

wettability (Dullien, 1992).  If actual reservoir conditions can be acheived when carrying out 

laboratory experiments, wettability is not necessarily measured (Dullien, 1992) (Treiber, 

1972). 

2.5.6 Surface and Interfacial Tension 

For a reservoir with two or more phases, there is an interface due to molecules attraction. At 

the interface between two liquids there exists an interfacial tension, between gas and liquid it 

is called surface tension. They are usually denoted by σ and have the unit of force per unit 
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length, dynes/cm or N/m. The level of water in a tube placed in an open vessel usually rises 

above the level in the open vessel till there is a weight balance due to wettability and surface 

tension properties (Tarek Ahmed, 2001). 

The molecular attractions that results in tension at the interface, is equal to surface energy 

required to produce a unit area of the interface. When there are dissolved gases in crude oil 

they reduce the surface tension (Tarek Ahmed, 2001). Surfactants are known to lessen 

surface tension, polar compounds in petroleum are surfactants and they can affect the wetting 

properties of a reservoir (Dominguez G.C., 1992). 

2.5.7 Capillary Pressure 

Wettability, pore volume and geometry, surface and interfacial tension all contribute largely 

to the presence of capillary forces in a reservoir. The curvature, as shown in figure 2.5, of the 

interface between two immiscible fluids in contact can cause a pressure difference and this is 

known as the capillary pressure denoted as Pc (Tarek Ahmed, 2001). This pressure difference 

between the non-wetting and wetting phase as shown by equation 2.2 should be greater on the 

concave side of the interface curvature to undermine the interfacial tension (Alam, 2008). 

 

Figure 2-5 Interface between water and Oil (Alam, 2008) 

 

 Pc =  Pnw −  Pw =  σ 
1

r1
−

1

r2
 = 2σcosθ/rt  (Alam, 2008) 

 

Eq. 2.2 

 

 

 Pc =   
h

144
 ∆ρ (Tarek Ahmed, 2001)   

Eq. 2.3 

Curvature 
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Pnw = Pressure of non-wetting phase (psi) 

Pw = Pressure of wetting phase (psi) 

r1, r2= radii of curvature of interface, cm. 

rt= radius of capillary tube, cm.  

h= capillary rise, cm. 

∆ρ = density difference between the wetting and non-wetting phase, kg/m
3 

Capillary pressure is gradually increased during drainage displacement process, the non-

wetting phase displaces until the smallest pore throat is infiltrated, and the wetting phase 

pressure is kept at atmospheric pressure. During spontaneous imbibition, the pressure of the 

non-wetting phase is reduced, when the largest pore size have been reached, the capillary 

pressure is said to be at a minimum (Dullien, 1992). 

At the start of an experiment, increasing capillary pressure causes little changes in saturation, 

because the non-wetting phase has not penetrated the outer face, but is just at or near the inlet 

surface; the pressure at which it reaches the outlet is referred to as the breakthrough pressure 

(Dullien, 1992). After breakthrough the displaced volume produced is usually reduced (Alam, 

2008). Breakthrough pressure is a measurement of the largest pore size (Brooks & Corey, 

1964). Entry pressure or threshold pressure or breakthrough pressure is the capillary pressure 

depending on the pore with the largest radius (Dullien, 1992). At the start of a primary 

drainage experiment, only the wetting phase is present and after the non-wetting phase, 

usually at a saturation of 10 PV percent in sandstones, reaches the breakthrough pressure both 

phases become continuous (Dullien, 1992). 



22 

 

 

 Capillary pressure is also a function of fluid saturation distribution, the height saturation-data 

of fluids can be gotten based on capillary pressure-saturation data. In the reservoir, based on 

distance, there is a free water level (FWL), water oil contact (WOC), transition zone and gas 

oil Contact as ahown by the water saturation profile in figure 2.6 below (Tarek Ahmed, 

2001). The capillary pressure data can be converted to height data using equation 2.3. 

 

Figure 2-6: Water Saturation Profile (Tarek Ahmed P. P., 2001) 

 

 

Figure 2-7 a) Oil Reservoir without a gas cap   b) Saturation and wettability (Alam, 

2008) 
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The general assumption is that oil reservoir rocks were originally filled with water, and then 

displaced by the migrated oil (Djebbar & Donaldson, 2004). Figure 2.7a and 2.7b; show a 

reservoir assuming it has no gas cap. It is generally assumed to be segregated and in 

equilibrium based on densities of the various fluids. It is generally expected that the part of 

the reservoir with higher water saturation would be water wet, moving away from the WOC, 

means there is lower saturation and from previously explained phenomenon, would mean a 

lighter spread of water layer in large pores, less than in the strongly water wet region. This 

would cause the polar compounds from the oil to react with the surface of the rock and alter 

wettability as previously mentioned. 

In sandstone core samples, from experiments, it has been proven that by increasing applied 

capillary pressure and time of displacement, the residual wetting saturation can be 

considerably reduced (Dullien, 1992). 

Spontaneous imbibition is the displacement of non-wetting fluid with a wetting fluid with the 

help of just capillary forces and the rate at which this occurs does not depend only on 

wettability but also on pore geometry, viscosity and interfacial tension (Dullien, 1992; 

Richardson, 1961; Dullien, 1977). A Pc curve is usually of a convex shape for example the 

Brooks and Corey model (Boxiao Li, 2012). 

2.5.7.1 Capillary Number (Nc) 

This is the ratio of viscous forces to capillary forces, in a two phase fluid flow, Nc =
𝜇𝑣

𝛾∅
. 

Viscous forces are the fluid viscosity (𝜇) and flow velocity (𝑣), while the Capillary forces is 

dependent on Interfacial Tension (𝛾)(IFT), and pore geometry. Taber expressed capillary 

number as dependent on pressure drop across two points, flow length and Interfacial tension, 

Nc =
∆𝑝

𝐿𝛾
 . There can be an increase in capillary number when there is a reduction of IFT by the 
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use of surfactants or by changing the pore geometry in whichever way possible to reduce the 

flow length (R.A. Fulcher Jr., 1985).  

2.5.8 Permeability 

This is the ability of a rock to allow fluid flow. It determines the direction of fluid distribution 

and the flow rate. Permeability is used to characterize rocks and mathematically expressed as 

the generally accepted Darcy’s law in equation 4.2, the negative sign is as a result of the 

decreasing pressure with increasing length (Tarek Ahmed, 2001). 

 V =  −
k

μ

∂p

∂l
  

 

Eq. 2.4 

 

 

 𝑣 =  
q

A
 =  −

k

μ

∂p

∂l
  

 

Eq. 2.5 

 

 

V = apparent fluid velocity,  

K = permeability, Darcy. 

μ = viscosity, cP. 

∂p

∂l
 = pressure drop per unit length 

q = flow rate through porous media 

A= cross sectional area, cm
2  

According to Poiseuille (1940), from experiments the final estimates of permeability for 

sands without clay should be based on  relating the grain size, shape and packing to the pore 
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throat diameters. For sands with clay and other materials it should be based on the diameter 

of the pore throat between the clay materials and space within the grains (Olav et al, 2012). 

Kozeny: Kozeny equation (equation 2.6) is known to accurately evaluate the permeability of 

sandstones with little clay content while the modified Kozeny equation (equation 2.7) can 

predict permeability values for samples rich in clay and with porosity less than six to fourteen 

percent. These equations evaluate results with higher accuracy than other correlations but it is 

still checked for quality (Olav et al, 2012). 

Modified Kozeny equation is good for solving for the permeability from porosity (above 6%) 

and average grain size of Fontainebleau sandstones; it is valid for clay free and quartz rich 

sandstones (quartz arenites) with high level of cementation (Olav et al, 2012). 

Kozeny Equation: 

𝐾 = 𝐴1
∅

𝑠𝑝
2                 Eq. 2.6 

Modified Kozeny Equation (Carman): 

 𝐾 = 𝐴1

∅3

𝑠0
2(1 − ∅)2

  
 

Eq. 2.7 

 

 

𝐴1 = Kozeny empirical constant=5  (MARSHALL, 1958)  

S = Surface area per unit bulk volume (cm
2
)  

𝑠𝑝  = Surface area per unit volume of pore space (cm
2
) 

𝑠𝑜 = Surface area per unit volume of solid material (cm
2
) 

K = Absolute Permeability (cm
2
) 
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∅ = Porosity (fraction) (Olav et al, 2012) 

∅3

(1−∅)2 , accounts for the porosity (grain size). The surface area data can be gotten only from 

laboratory measurements (Balan, 1995). 

 2.5.9 Specific Surface Area 

In porous media, it establishes the outcome of catalytic reactions and ion exchange. 

Permeability and porosity can be evaluated from measuring surface area. The increase in 

surface area increases the capacity of rocks to adsorb various industrial absorbents  (Dullien, 

1992).  

2.5.10 Pore size distribution  

This is the distribution of pore size over a certain length, it is determined by controlling a 

particular parameter during experiment and ensuring the parameter being measured is 

dependent on it. An example is the mercury porosimeter that measures the amount of 

mercury being injected with respect to the pressure imposed. Pore size is then evaluated from 

Laplace’s equation. In porous media, there is a wide range of pore size that can depend on the 

sandstone cementing materials (Dullien, 1992). 

This pore size distribution can be gotten from capillary curves only if one fluid is non-

wetting. It is assumed that the contact angle is zero and cos 𝜃 in equation2.2 becomes 1. 

Hence, capillary pressure would depend only on the pore radius and interfacial tension 

(Dullien, 1992). 

2.5.11 Rock Compressibility 

This is an important phenomenon as porosity of sedimentary rocks is shown as highly 

dependent on the level of compaction of the rocks (Dullien, 1992). Overburden pressure or 

confining pressure is the stress put on rocks depending on their geologic age, nature, and 
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depth considered and this leads to the rock compression. Differential pressure between the 

internal pore pressure and the overburden is the effective overburden. During production, 

pore pressure reduces as effective overburden increases. According to Geerstma, a unit 

change in the overburden pressure results in a change of the fraction of pore volume and bulk 

volume, which is referred to as pore compressibility, Cp, and bulk compressibility CB, 

respectively. Rock and bulk compressibility are small compared to the pore compressibility. 

Formation compressibility (Cf) is the general term for total compressibility of a formation.  

Compaction occurs when the rock compressiblity strength is surpassed and it results in the 

reduction of porosity and permeability when there is a deformation of the rock (A. Settari, 

2002). The rock compressibility is a very important property if reservoir conditions can be 

modelled in the laboratory. 

2.6 Laboratory measurement of Rock Properties 

Cores are removed from the original reservoir environment and the evaluation of these cores 

from the reservoir is done in the laboratory and the macroscopic rock properties are 

measured, it is done in two ways; Routine core analysis tests and Special core analysis tests 

(Ahmed, 2009) . 

A core is a rock sample obtained by drilling into the formation, changes in drilling conditions 

can cause broken condition of cores and incomplete recovery, and it is used to analyze 

geological and engineering properties (Dullien, 1992).  

2.6.1 Core Preservation 

To get fresh cores for laboratory tests, cores are saturated in synthetic or deoxygenated brine 

and also put in nonmetallic containers that are sealed to prevent evaporations or the entry of 

oxygen. The special core analysis tests discussed are the capillary pressure, relative 

permeability and routine core analysis includes porosity, saturation and permeability.  
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2.6.2 Porosity 

Effective Porosity is measured by fully saturating the cores with a fluid of known density.  

 ᴓ e =  
Interconnected pore volume.

Bulk Volume
 

 

Eq. 2.8 

 

 

The core is fully saturated with a wetting fluid and put under vacuum for a considerable time, 

the wetting phase is fully imbibed into the pore space, the ratio of the difference in weight 

before and after saturation to the density of the fluid used gives the pore volume. Bulk 

volume can be calculated by noting the volume of displaced fluid after the fully saturated 

core is immersed in the wetting fluid, ratio of pore volume to bulk volume gives the effective 

Porosity (Dullien, 1992). 

2.6.3 Capillary Pressure 

Displacing forces in a reservoir are simulated to get the fluid saturation distribution and 

irreducible water values. This is usually based on the restored capillary pressure technique. 

The core is initially hundred percent saturated with formation water and placed on a porous 

membrane which is hundred percent saturated with water, only the water in the membrane 

can flow through. Pressure drops are imposed during the experiment, air is sent into a 

chamber and pressure increased until water is displaced through the porous, semi permeable 

membrane into a graduated cylinder, the pressure is held constant until water is no longer 

displaced. The water saturation of the core is weighed, the core is put back and pressure 

continually increased until there is a minimal amount of water. The pressure required to 

displace water is equivalent to the force holding it. At a hundred percent water saturation 

there is finite capillary pressure and the minimum capillary pressure required to force the 
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non-wetting phase into the capillary of the wetting phase is known as displacement pressure 

(Tarek Ahmed, 2001). 

Laboratory processes are designed to reproduce the saturation history of the reservoir and 

thereby produce a capillary pressure curve as shown in figure 2.8. This involves the drainage 

and imbibition process, drainage is the displacing of the wetting phase (water) by the non-

wetting phase (oil or gas) which recreates the scenario of fluid saturations at the point of 

reservoir discovery. On the other hand, the displacing of the non-wetting phase with wetting 

phase is referred to as imbibition process. Capillary hysteresis is the saturation and de-

saturation of core samples (Tarek Ahmed, 2001). Spontaneous imbibition occurs as the 

capillary pressure approaches zero, when this has reached its limit, the water is forced into 

the core until it reaches residual oil saturation and capillary pressure approaches a negative 

value (Alam, 2008).       

Figure 2-8: Mercury injection drainage and imbibition data (Alam, 2008) 
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2.6.4 Permeability 

Routine core analysis is mainly focused on horizontal permeability (Kh) measured when core 

samples are drilled parallel to layering. The reservoir cannot be correctly modeled due to 

heterogeneity, incomplete recovered core. The permeability can be altered, while cleaning 

and drying, as a result of the reactive clays (Ahmed, 2009).  

In order to measure the absolute permeability, the core must be fully saturated with a single 

phase and have a known area and length. A fluid with known viscosity is passed through 

while maintaining a laminar flow and both the flow rate and differential pressure are 

measured (Tarek Ahmed, 2001).  

Dry gas is preferably used for measurements to reduce reactions between the formation core 

and fluid, dry gas is readily available and convenient. According to Klinkenberg (1941), they 

show different results from those gotten using liquids. Gases have higher flow rate due to its 

slippage effect (Tarek Ahmed, 2001). When performing the measurement for permeability, 

fluid is flown carefully to prevent bypassing displaced fluid (Dullien, 1992). 

Relative Permeability 

Effective permeability is measured when there is more than one fluid flowing in a porous 

media (Dake, 1983). Rock relative permeability is affected by grain shape, size and degree of 

cementation, tortuosity, fractures, wettability effects like fluid distribution, total fluid 

saturation, and viscosity (Djebbar & Donaldson, 2004).  

When a rock moves from water wet to oil wet, the oil relative permeability increases while 

that of water diminishes. An increase in saturation leads to an increase in the relative 

permeability and vice versa (Alam, 2008). 
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Darcy’s equation is modified for a two phase flow to get relative permeability as shown in 

equation 2.10 and 2.11 (Dake, 2001). Relative permeability is the ratio of effective to 

absolute permeability. Relative permeability of gas, oil and water is expressed be equation 

2.9. 

 Krg =
𝐾𝑔

𝐾
, Kro =

𝐾𝑜

𝐾
, Krw =  

𝐾𝑤

𝐾
  

 

Eq. 2.9 

 

 

 qw =  
𝐾𝐾𝑟𝑤

𝜇𝑤
 𝐴 

∆𝑝𝑤

∆𝐿
  

 

Eq. 2.10 

 

 

 qo =  
𝐾𝐾𝑟𝑜

𝜇𝑜
 𝐴 

∆𝑝𝑜

∆𝐿
  

 

Eq. 2.11 

 

Relative permeability is dependent on saturation of the fluids and wettability of the system. In 

a two phase flow, oil and water affects the relative permeability, which in turn shapes the 

curve shown in figure 2.9 (Dake, 1983).  

 

Figure 2-9: Oil-water Relative Permeability curves (Dake, 2001) 
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Swc = Connate or Irreducible water saturation 

Sor = Residual Oil Saturation  

Krw = Relative permeability to water 

Kro = Relative Permeability to Oil  

At irreducible water saturation, the water would not flow, Kw=0. At a hundred percent water 

saturation, Sw = 1, Kw = K. At residual oil saturation (Sor) oil would not flow, Ko= 0. (Dake, 

1983) 

Fluid displacements carried out by applying the unsteady state technique, are displaments that 

the buckley leverett theory assumptions are obeyed (Chardaire-Riviere et al, 1992). Rock 

relative permeability is measured in core flooding experiments. There is the steady state and 

unsteady state experiment, the unsteady state experiment is carried out within a shorter time 

(Dake, 2001). Steady State techniques are carried out for longer periods of time before 

relative permeability data is gotten (Chardaire-Riviere et al, 1992). 

Unsteady state: 

 Fully saturate the core with brine or water. 

 Then flood with oil in a drainage process to get irreducible water saturation (Swc) and 

model reservoir conditions. 

 Immibition displacement is done by flooding the core with water till irreducible oil 

saturation (Sor). 

According to Corey (Brooks & Corey, 1964): For consolidated porous sandstone the relative 

permeability is given by the equation 2.12, 2.13, 2.14 and 2.15; 
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Se =  
𝑆𝑤 −𝑆𝑤𝑖

1−𝑆𝑤𝑖
       Eq.  2.12 

Sw∗ =  Se, a =  4 (Wall, 1986)  

 

Eq. 2.13 

 

 

                          Krw =  Se4   

 

       Eq. 2.14 

 

Krnw =  (1 − Se)  2 ∗ (1 − Se2)  
 

Eq. 2.15 

 

 

Honarpour et al: From reservoir rocks collected from around the world, using laboratory 

tests, Honarpour developed relative permeability equations (equations 2.16 and 2.17) for 

consolidated formations: 

For an oil water system (water wet): 

Krw = 0.035388 
 𝑆𝑤 − 𝑆𝑤𝑖  

1 − 𝑆𝑤𝑖 − 𝑆𝑜𝑟𝑤
−  0.010874  

𝑆𝑤−𝑆𝑜𝑟𝑤

1 − 𝑆𝑤𝑖 − 𝑆𝑜𝑟
 

2.9

+  0.56556 𝑆𝑤 3.6 (𝑆𝑤

− 𝑆𝑤𝑖 )  (Charles, 1992)  

Eq. 2.16 

 

 

For an oil water system (any wettability):  

Kro =  0.7607  
(

𝑆𝑜
1 − 𝑆𝑤𝑖

) − 𝑆𝑜𝑟𝑤

1 − 𝑆𝑜𝑟𝑤
 

1.8

 
𝑆𝑜 − 𝑆𝑜𝑟𝑤

1 − 𝑆𝑤𝑖 − 𝑆𝑜𝑟𝑤
 

2.0

+ 2.6318∅ 1 − 𝑆𝑜𝑟𝑤  (𝑆𝑜

− 𝑆𝑜𝑟𝑤 ) (Charles, 1992) 

 

Eq. 2.17 

 

 

Movable oil volume is the highest amount of oil that can be gotten from a core sample as 

espressed by equation 2.18; 
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 𝑀𝑂𝑉 =  𝑃𝑉 (1 −  𝑆𝑜𝑟 − 𝑆𝑤𝑐) (𝐷𝑎𝑘𝑒, 2001) 
 

Eq. 18 

 

 

 

2.7 Immiscible Fluid Flow and displacements in Porous Media 

This incorporates a lot of transport macroscopic properties that have been previously 

described. It is discussed to understand the challenges encountered in the flow of two or more 

fluid phase, fluid and rock interactions in a porous media. 

In an Oil reservoir with a water drive mechanism, oil is slowly displaced by water which is 

immiscible with the oil. The production of fluids from the reservoir causes a reduction in 

pressure of the oil, thereby causing aquifer water to advance into the reservoir (Charles, 

1992) 

Continuity equation, equations of state, mass balance, navier stokes equation are not enough 

information for the analysis and creation of a theoretical solution to problems encountered in 

two phase flows (Dullien, 1992) 

Immiscible Fluid flow occurs both at a state where all these macroscopic properties do not 

change with time and at a point when they do occurring as the steady and unsteady state flow 

respectively. For a steady state, according to Scheidegger (1974); in capillary pore spaces, the 

non-wetting and wetting phase are flowed simultaneously. The funicular flow regime occurs 

which causes an increase in the diameter of funicular entities (cord like structures of flow) 

when there is an increase in the saturation of the non-wetting phase (Dullien, 1992) 

According to Craig (1971), when all pores are not the same, a channel flow mechanism 

occurs at which an increase in non wetting phase saturation increases the number of channels 
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with the non wetting phase, and reduces for the wetting phase. The channels containg non-

wetting fluid can also contain some wetting fluid. Pore network can be such that one fluid is 

dispersed in another(discontinuous) or both can be continuous in the same pore channel or in 

different ones (Dullien, 1992).  

An Unsteady state is keeping the rate of the wetting phase constant, while continuously 

increasing the rate of the nonwetting phase injected into the system and the curvature at the 

interface continuously moves with the non wetting phase displacing wetting phase from 

smaller pores. While displacing there can not be capillary equqilibrium due to capillary 

pressure. The displacing phase might not displace the residuals of the displaced phase if it 

cannot overcome interfacial forces by viscous/ gravitational force when there are different 

pore structures. If the flow rate is increased or interfacial tension reduced greatly, the residual 

phase might flow (Dullien, 1992). From tests carried out by Richard et al, it was discovered 

that an increase in capillary number can reduce residual oil saturation (R.A. Fulcher Jr., 

1985). 

During immiscible displacements a front develops and this is described as the area at which 

there is fast saturation change of the wetting (displacing) fluid to the displaced (non-wetting) 

fluid, this is the edge that oil flows in front, and behind which both oil and displacing fluid 

flow (Charles, 1992). The displacement is described as piston like and this causes some 

movable oil to be cut off, it is majorly due to differences in viscosity, capillary pressure and 

relative permeability (Charles, 1992).In 1942 the Buckley leverett method was presented and 

it is popularly used in the Petroleum sector because of its striking accuracy and simplicity 

(Dullien, 1992).  

The Buckley leverett method involves two sysytems diversified by time, and they are 

expressed by the fraction flow advance equations that shows the oil movement procedure 
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while being displaced from a reservoir. Fractional flow in field units is generally represented 

as equation 2.19 and in fundamental units in equation 2.20. 

𝑓𝑑 =
𝑄𝑑

𝑄𝑡
= 1 + 0.001127 

𝑘𝑜

𝜇𝑜
 
𝐴

𝑄𝑡
  

  
𝜕𝑃𝑐
𝜕𝑆

 − 0.433 ∆𝛾 sin 𝜃 

1+ 
𝑘𝑜
𝜇 𝑜  

 
𝜇 𝑑
𝑘𝑑

 (Dardaganian, 1958) 

 

 

Eq. 2.19 

 

Fractional flow (fD) provides the ability to calculate the fraction of the total flow rate of 

displacing phase flowing at a particular point in a linear system. All factors that affect 

immiscible fluid displacement are put into consideration.  

 

fD =  
1 −  

𝑘𝑜  
𝑄𝑡𝜇𝑜

 
𝜕𝑝𝑐
𝜕𝑢

+  𝑔  ∆𝜌 sin 𝛼 

1 +  
𝑘𝑜
𝑘𝐷

 .  
𝜇𝐷
𝜇𝑜

 (fundamental units)  
 

Eq. 2.20 

 

 

When the capillary terms and gravity terms are ignored, fractional flow depends on 

permeability and viscosity ratio alone as expressed by equation 2.21. 

 
FD =  

1

1 +  
𝑘𝑜
𝜇𝑜  

 
𝜇𝑑
𝑘𝑑

  
 

Eq. 2.21 

 

 

Qd = rate of displacing phase per unit area at the same point with Qo 

Qt= total flow rate per unit cross sectional area( c.s.a), at any point in the system 

D= displacing phase, water. 

A= cross sectional Area. 

𝜇 = Viscosity of fluid 
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∆𝜌 = change in density between displacing and displaced fluids  

 

In the fractional flow, capillary pressure and effective permeability ratio ( 
𝑘𝑜

𝑘𝐷
) are included. 

Factors that affect capillary pressure like the effects of grain size, composition, cementation 

that are enveloped by the effective permeability ratio affect the fractional flow (Charles, 

1992). 

The mobility of the fluids represented by  𝜆𝐷 , 𝜆𝑜  is the ratio of their effective permeability to 

viscosity as shown in equation 2.22. Mobility ratio (M) is the ratio of the mobility of the 

displacing phase to that of the displaced phase and can be estimated from equation 2.23 

(Charles, 1992).  

 𝜆𝐷  =  
𝑘𝐷

𝜇𝐷
=  

𝑘𝑘𝑟𝐷

𝜇𝑜
 , 𝜆𝑜 =  

𝑘𝑜

𝜇𝑜
 =  

𝑘𝑘𝑟𝑜

𝜇𝑜
  

 

Eq. 2.22 

 

 

 M =  
𝜆𝐷

𝜆𝑜
 =  

𝑘𝐷

𝑘𝑜
 
𝜇𝑜

𝜇𝐷
  

 

Eq. 2.23 

 

 

When the water moves in such a way that it goes round the oil, due its rapid movement, a 

large quantity is left in the porous media, and this an unfavorable displacement,at this point 

the Mobility is greater than 1 and it is usually caused by the high viscosity of oil. When it is 

lesser than 1, it is termed favourable and the oil has less viscosity and moves faster, lesser 

quantity of oil left behind. Water injection is favourable for water wet system because the 

system imbibes the oil and displaces oil contained in small or medium size pores. The 

fractional flow of displacing fluid is kept at a minimum, if injection occurs at a lower 
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elevation (Charles, 1992). From the fractional flow equation, when the water oil viscosity 

ratio is low, there is early breakthrough of water which would cause an increase in the 

relative permeability of oil. (Alam, 2008)  
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Chapter 3 LITERATURE REVIEW ON RESERVOIR SIMULATION AND 

MODELING 

3.1 Introduction 

The Petroleum system consists of all the basics needed for the accumulation of oil and gas; 

source rocks, reservoir rocks, overburden rock, trap formation, generation, migration, 

progression of hydrocarbon to accumulation and preservation. It includes all geological 

components mandatory for the existence of an accumulation (Magoon & Dow, 1994). 

Primary migration is the processes involved in the movement of hydrocarbons initially 

formed in compacted clay and shale beds (source rocks) to the porous and permeble 

reservoir. Secondary migration is movement of these hydrocarbonds upward in a folded 

anticlinal trap majorly by the force of buoyancy and hydrodynamic flow (Djebbar & 

Donaldson, 2004). A Reservoir is where hydrocarbons are found and they contain organic 

compounds, which have different behaviors mainly due to the different phases at which they 

exist, with very different temperatures and pressures (Tarek Ahmed, 2001). 

3.1.1Reservoir Modeling 

Reservoir modeling is using a computer model to describe fluid flow thereby allowing more 

in-depth analysis of the reservoir (Aziz & Settari, 1979). The computer models are reservoir 

simulators that design flow in porous media, and they are used to represent, clarify and 

attempt to solve challenges encountered during flow. This makes it a form of reservoir 

management which is ensuring ultimate hydrocarbon recovery as finances and operational 

expenses are minimized (Fanchi, 2006).  
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A model is used to understand the future performance of a reservoir. Reservoirs are described 

in discrete regions and given different properties. The pressure-saturation relationships in 

form of nonlinear differential equations are created which can be solved using finite 

difference, reservoir modeling and simulation is the use of numerical solutions to solve these 

equations (Wall, 1986). A model is not a duplicate of the reservoir, but the result achieved 

relies on the quality and quantity of data. Every modification of data must be realistic as it 

includes a lot of assumptions and estimation (Schlumberger, 2001). 

Reservoir modeling (Numerical simulation modeling) is an incorporation of seismic 

interpretation, petrophysics, geological model, fluid properties, wells, facilities, tubing curves 

and model grid effects (Fanchi, 2006). 

 

 

Figure 3-1: Reservoir Model (Wall, 1986) 
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3.1.2 Reservoir Simulation 

In order to predict the future performance of a reservoir as precise as possible, reservoir 

simulations are carried out using the finite difference or finite element formulation  (Dullien, 

1992). Prediction of reservoir performance and ultimate recovery is the major reason for 

simulation studies (Aziz & Settari, 1979). 

Before a reservoir simulation can be carried out it is mandatory to know the objectives of the 

study, procedures involved in carrying out a reservoir simulation study include; geological 

review, Reservoir performance review, data gathering, selection of model, initialize, history 

match, predictions and recording output (Carlson, 2003)  

Geological review: This involves the macroscopic transport properties, as previously 

covered in this work, and its connections to the geological model, basically knowing and 

describing the pore geometry of the reservoir (Carlson, 2003). 

Reservoir performance: This is the behavior of the reservoir during production and this 

should include fluid properties such as Reservoir GOR, PVT data, drive mechanisms etc.  

(Carlson, 2003). 

Data gathering: This is a major point of quality check on the various fluid and rock 

properties  (Carlson, 2003).  

Initialization: The original oil, gas and water in place are gotten from an initial run  

(Carlson, 2003). 

History matching: This involves the process of inputting the different properties in order to 

validate the selected model  (Carlson, 2003). 
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Predictions: After history matching and confirmation of valid representation, different 

properties are inputted to predict the performance of the reservoir under different conditions 

and then the results are analyzed and scrutinized based on the experience of the engineer 

(Carlson, 2003). 

In order to solve the equation for each cell a finite difference, finite element or streamline 

Simulation is carried out. Finite difference involves the governing equations being solved on 

a fixed grid after discretization while for streamline the equations are solved on separate 

grids. Finite/Boundary element is solved using basic functions (Schlumberger, 2001). 

Investment decisions can also be made from future prediction of reservoir performance using 

simulations, depending on the capacity of the reservoir models (F.X. Jian, 2002). Reservoir 

simulation is based on the diffusivity equation and it is a non-linear partial differential 

equation (Schlumberger, 2001).  

For Reservoir Simulation programs, fluid and rock data are inputted. The rock data includes 

formation elevations, formation thickness, porosity, permeability, capillary pressures, relative 

permeability, formation fluid saturations, compressibility, capillary pressure curves, relative 

permeability curves, rock compressibility data, and fluid saturations. Every cell of the 

discretized block model would be identified by these data and they are measured from the 

laboratory or by logging (Dullien, 1992) (Schlumberger, 1972). With reservoir modeling and 

simulation; a deeper understanding of the reservoir is achieved with the aim of future 

prediction, uncertainty and risks involved can be reduced and helps in decision making in 

field developments.  
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3.2 Basics of Reservoir Modeling and Simulation 

In this project finite difference approach is used for the reservoir simulation. Finite difference 

includes flow equations, equations of state and capillary pressures and they are used to 

develop a material balance equation. These equations are placed in finite number of blocks 

discretized from a reservoir (Dullien, 1992). Finite Difference can be solved in a fully 

implicit manner and by the Implicit Pressure, Explicit Saturation method (Schlumberger, 

2001). 

 

Figure 3-2 Discretization Process (Dake L. P., 1983) 

 

                                

The reservoir is broken down to various cells; basic data is input into each, wells are 

positioned within these cells, production rates of the wells are put in based on time, the 

governing equations are evaluated for each cell and the production of each phase from the 

well, to get the pressures and saturations. Each cells has its equation estimated at the same 

time, the number of cells simulated, is directional proportional to the time needed to solve a 

time step (Schlumberger, 2001). 
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3.2.1 Challenges in Reservoir Simulation  

Data gathering poses a challenge because it has to be quite representative of the reservoir, the 

purpose of simulation is easily defeated with wrong data, data is usually uncertain. Some data 

can only be confirmed by actual drilling. Some processes cannot be modeled, since the 

reservoir properties are averaged when put into the discretized blocks/cells which changes the 

model performance. It is only through the upscaling of the reservoir properties to ensure 

preservation of flow characteristics that the errors of discretization can be corrected. 

Sometimes, there is no knowledge of the recovery mechanisms and level of reservoir 

heterogeneity (Schlumberger, 2001). Data is sometimes not available or it is incomplete, 

description of the real situation of the reservoir is then usually based on the knowledge and 

experience of the geologists and engineer. 

3.2.2 Uses of Reservoir Simulation 

Reservoir Simulation is needed to predict cash flow, analyze reservoir behavior and recovery 

processes, maximize recovery, and create development plans (Fanchi, 2006). 

Results gotten through reservoir simulation includes; determination of production profile, 

best perforation policy, time of water breakthrough, its effects and how to deal with them, 

separation facilities sizes and time needed, best well pattern, maximum injection rates and 

best time for injection, understanding  the obstructions to flow, evaluate the possible turn outs 

of productions etc. (Schlumberger, 2001) 
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3.2.3 Mathematic Model of Simulation 

From block to block, the flow behavior of the reservoir is represented by Mass balance and 

Darcy’s flow. (Dake L. P., 1983) 

The governing equation for Reservoir Simulation is a combination of both Darcy’s law 

(Equation 3.1) and the material balance equation (Schlumberger information solutions, 2005). 

 

𝑞 =
𝐾

𝜇
∇𝑝 (Schlumberger, 2001) 

 

 

Eq. 3.1 

 

In numerical simulation each node within the blocks contains averaged properties as stated 

earlier. For incompressible fluid displacements they are considered to be constant. These 

properties include average pressures and saturations of water and oil, viscosity and density, 

relative permeability and capillary pressure (Dake, 1983). 

3.2.3.1 Material Balance and Primary Recovery Mechanisms 

In order to predict the future performance of a well it is mandatory to be aware of the 

different recovery mechanisms. The primary, secondary and tertiary recovery, when a 

reservoir produces using only its natural drive it is referred to as Primary Recovery (Tarek 

Ahmed, 2001). 

In order to maximize production, the dominant drive mechanisms must be known. Solution 

gas drive, water drive, gas cap drive and gravity drainage, the production of oil using 

secondary/tertiary recovery mechanism also depends on the dominant primary drive (Djebbar 

& Donaldson, 2004).  
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   Primary Recovery 

1)  Water drive: Reservoirs usually contain underlying aquifers. These aquifers can 

either be isolated and exists as a closed unit with the reservoir or they are connected to 

the surface and are refilled. We have the edge water drive and bottom water drive 

(Tarek Ahmed, 2001). A characteristic of this mechanism is the slow reduction in 

pressure as the volume of oil being displaced is replaced with water. The recovery 

from water drive is usually the most efficient and it falls between thirty-five and 

seventy five percent  (Cole, 1969). 

2) Gas Cap Drive: This happens when the reservoir has a gas cap which expands and 

exerts pressures on the oil as production takes place and pressure is reduced. Apart 

from expansion, the solution gas is liberated from the oil, oil recovery ranges from 

twenty to forty percent, the recovery would depend on size of gas cap, production 

rate, dip angle, oil viscosity, vertical permeability (Tarek Ahmed, 2001). Gas cap 

drive is identified by low decline in reservoir pressure. The amount of gas would 

determine the pressure maintenance and little or no water is produced with the oil. 

They usually have high recoveries between twenty to forty percent (Cole, 1969). 

3) Rock and Fluid Expansion: During production, pressure declines, and this causes 

rocks under overburden pressure to expand and fluids are expelled, as the pore 

volume is reduced. It is the least efficient. 

4) Depletion drive: This occurs as pressure is reduced and gas is released from the oil 

and the solution gas continually expands and pushes the oil out of the pore space 

(Tarek Ahmed, 2001). Depletion drive mechanisms are characterized by fast drop in 

reservoir pressure, slight amount of water produced along with the oil, high gas oil 

ratio, high residual oil saturation, and recovery is from five to thirty percent. They are 

usually considered viable for secondary recovery (Cole, 1969).  
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5) Gravity Drainage: This mechanism is majorly governed by the different densities of 

fluid, and the heavier the fluid, the higher the gravitational effect and they are 

separated based on this, gas on top followed by oil and then water (Tarek Ahmed, 

2001). This mechanism is identified by high rate of pressure drop. The gas oil ratio is 

low for low wells, but increases for high wells since they are located close to the top 

of the anticlinal structure in the reservoir. There is usually minor or no water 

production. Oil recovery varies on the presence of another mechanism, but can exceed 

eighty percent (Cole, 1969). 

In this project the original reservoir used has a gas cap drive.  

Material Balance 

Material balance model is the simplest simulation model. It ignores directional differences in 

properties and models them as averaged quantities through the entire reservoir, spatial 

variation is also neglected. This simulator is used to solve problems numerically and can be 

examined for changes with time (Schlumberger, 2001). This model is used to evaluate the 

amount of oil, water or gas in a reservoir (Fanchi, 2006). The mass balance is expressed in 

equation 3.2 and 3.3.  

 (Mass in- Mass out) = Accumulation +/- (injection/ production) (Schlumberger, 2001) 

 

 ∆𝑀 = (𝐴) +/−  (𝑄)  
 

Eq. 3.2 

 

 A =  
𝜕

𝜕𝑡
(∅. 𝜌) 

 

Eq. 3.3 
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Combining the mass balance and Darcy’s law we have the Flow equation (equation 3.4) for 

the simulator that includes the gravity term; 

 ∇  
𝐾

𝜇𝛽
 (∇𝑃 −  𝛾. ∇𝑍)  = 

𝜕

𝜕𝑡
(
∅

𝛽
+ 

𝑄

𝜌
) 

 

Eq. 3.4 

 

For each grid block, simulation equation for flow expressed in equation 3.5, 3.6, 3.7, 3.8 and 

3.9 is used by the Eclipse black oil simulator from the grid block to well completions and 

within wells and surface networks. The transmissibility represents the pore geometry and 

macroscopic properties. Potential difference occurs during well production, fluid properties 

are embedded in the mobility function (Schlumberger, 2001). 

Flow =  Transmissibility ∗  Mobility ∗  {∆𝑃 –  head} 

 

Eq. 3.5 

 

 𝑞𝑝 ,𝑗 =  𝑇𝑤𝑗 ∗  𝑀𝑝 ,𝑗 ∗ {(𝑃𝑗 − 𝑃𝑤 ) − 𝐻𝑤𝑗 } 
 

Eq. 2 

 

 
𝑇𝑤𝑗 =  

𝑐𝜃. 𝐾

ln  𝑟 𝑜
𝑟𝑤

 +  𝑆

   

Eq. 3.7 

 

 

 Mo. j =  
𝐾𝑜 ,𝑗

𝛽𝑜 ,𝑗 𝜇𝑜 ,𝑗
+  𝑅𝑣

𝐾𝑔,𝑗

𝛽𝑔,𝑗 𝜇𝑜 ,𝑗
  

 

Eq. 3.8 

 

 

 Mg. j =  
𝐾𝑔,𝑗

𝛽𝑔,𝑗  .  𝜇𝑔 ,𝑗
+  𝑅𝑠

𝐾𝑜 ,𝑗

𝛽𝑜 ,𝑗  .  𝜇𝑜 ,𝑗
  

 

Eq. 3.9 
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j = connection 

p = phase 

q = flow 

Tw= Transmissibility 

Subscripts o, g is the oil and gas respectively. 

Pj = Nodal Pressureconnection 

Pw = Bottom Hole Pressure 

Hwj = Headconnection to datum (Schlumberger, 2001) 

3.2.4 Model Creation, Simulation and Visualization 

This project is carried out using Petrel to create a fluid model which produced a data file 

which was exported to the Eclipse simulator. The produced volumes were evaluated and 

given as outputs. An already existing model in the Petrel software referred to as the simple or 

original model was used. 

 The simple model consists of a Black Oil model with light oil and gas. It is a field with a 

porosity of 22percent and a permeability of 1000md. The field has been producing for 2years.  

Objective: To observe the effects on the results of simulation, when Wallace and 

Fontainebleau properties are inputted in the already existing simple model.  

Workflow: 

1) Create the black oil fluid model of the Original Reservoir, which is the simple model, 

this is done by inputting the initial conditions of the reservoir. 

2) Four Simulations runs were as carried out; 
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a) Initially a black oil fluid model was created for the already existing data of the simple 

model, this is the stage at which the phases are included, and in this case there is the 

gas, oil and water phase, the initial pressure was 200bar. For the Rock physics 

function, the compactions were included using presets, of consolidated sandstone, 

already provided by the Petrel software, a simulation case was then defined that 

includes the grid properties, all initial conditions, saturation functions of Relative 

Permeability and drainage capillary pressure, a data file is automatically created by 

Petrel, this data file is exported to Eclipse which runs the data file and gets an output 

print file, which gives produced volumes of fluid. 

b) The simulation for Wallace and Fontainebleau was carried out individually by 

changing the rock Physics function of the Simple model to the experimentally 

determined values and the gas saturation functions are not included as these values 

were not experimentally defined, the same process with the original reservoir was 

repeated. 

c) Simulation was carried out on the simple model with the inherent sandstone properties 

originally with it, and the gas phase was excluded and then included during the 

modeling to create two different results.  

After the simulation run of the original model, with and without the gas, Wallace and 

Fontainebleau model. Results of the final volumes were gotten, and then compared to 

observe the effects of the changes in rock physics function. 
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Chapter 4 EXPERIMENTAL METHODOLOGY 

4.1 Experimental setup 

Similar experimental procedures were carried out on the Fontainebleau and Wallace 

sandstones, pictures of some instruments used are attached to Appendix A. 

4.1.1 Core Setup 

The Wallace sandstone core was gotten from the Wallace quarry and it was contained in an 

optically homogeneous slab, mineral oil was used to cut whole cores, through a cylindrical 

drilling system. The core was soaked in alcohol and kept in a vacuum to clean of the mineral 

oil surrounding it and other contaminants, and then saturated in distilled water. The cores are 

later dried in an oven at 90
o
C for 24 hours.  

The Fontainebleau core was gotten from Vinci technologies, France. It has been previously 

used. A mixture of toluene and methanol was injected to clean it for a considerable amount of 

time and it was injected with distilled water for a lengthy time and then dried at 90
o
C for 

24hours. 

Refined Oil (Kerosene)  

It was used as the non-wetting phase. 

Brine 

In order to model the reservoir conditions of saline water, the Marlim reservoir in the Campos 

basin field was used as a reference to prepare the brine used for the drainage and imbibition 

displacement experiments. This basin was chosen as it has the reservoir rock types from the 

Oligocene-Miocene age. (Maria C.M. Bezerra et al, 2004). The purity was calculated from 

the ratio of the addition of sodium and chloride constituents to the salinity of the formation.  
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The salinity of the formation was used to get the equivalent sodium chloride using the 

Sinclair correlation method (K. P. Desai, 1969). The concentration of 50.1g of NaCl was 

mixed with 1 liter of de-ionized water.  

   Table4-1  Reactants 

 Brine (Nacl) Kerosene  

Density (g/cm
3
, g/mL) 1.034 0.8 (Vinci Tech) 

Concentration (ppm) 50157  N/A 

Viscosity (cP) 1.038 2.113 

Purity (%) 96.7 N/A 

 

Table4-2 Sandstone Laboratory results 

Sandstones Dry 

Weight 

(g) 

(±0.05) 

Wet 

Weight 

(g) 

(±0.05) 

Length 

(mm) 

(±0.2) 

Diameter 

(mm) 

(±0.2) 

Pore 

Volume 

(cc) 

Porosity 

(%) 

Absolute 

Permeability 

(mD) 

 

Surface Area 

(mm
2
) 

Wallace 

 

200.3 211 76.3 38 10.7 12.4 1.41 0.108 

Fontaine 

bleau  

215.9 219.9 76.1 38 4.0 4.63 2.86 0.0138 

 

4.2 Petrophysical Characterization of Cores 

We characterize them by evaluating the porosity, permeability and surface area.  

4.2.1 Porosity 

The weight of the dry core was initially measured using a weighing balance and this 

equipment measures the weight, with a precision of 0.0001g/cm
3
. The core was soaked in a 

beaker filled with water. The beaker is placed in a vacuum chamber for a little over 20hours, 

it is taken out of the vacuum and the wet weight measured. The difference between the wet 

weight and dry weight was measured at experimental temperature. Pore volume is the ratio of 
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this difference and density of water used at experimental temperature. Core length and 

diameter is measured using a caliper log. Bulk volume is the product of the core length and 

cross sectional area.  

Density is measured using the hydrometer. The fluid is put in a graduated cylinder till it is 

more than half way full. The hydrometer which is marked with different density scales is put 

in it and it sinks to the marked point on the hydrometer to show the density of the liquid.  

Viscosity is measured with the Ubbelohde viscometer using the ASTM method. The viscometer was 

filled with the fluid in section C as shown in the picture in Appendix A1, and put in a water bath at 

20
0
C in order to equilibrate the temperatures of the fluids. A suction bulb was put on top of the

viscometer to suck in the liquid to rise above the top level. The suction bulb is quickly replaced with 

a finger to gain control of the movement of the fluid, to ensure the time taken (efflux time) for the 

fluid to move from the top to bottom is well recorded.  

Kinematic Viscosity (KV) = Viscometer constant * time taken 

Dynamic Viscosity (DV) = Kinematic Viscosity * density of fluid 

Viscometer constant = 0.05283  

Time taken for; Brine: 19seconds, Kerosene: 50seconds 

Sample Calculation:  

Kerosene  

KV = 0.05283 * 50 = 2.6415mm
2
/s (Cst)  

DV = 2.6415 * 0.8 = 2.1132 cP                                
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4.2.2 Absolute Permeability 

 It is also referred to as the monophasic permeability, this permeability was gotten using the 

Benchtop relative permeameter (BRP) shown in Appendix A2. This equipment includes a 

core holder, pump, pressure regulator (for confining, back, differential, outlet and inlet 

pressures), transducers, separators, camera and accumulators.  It provides a means of 

recording pressures and volumes displaced which is made possible by the computer 

application package add-on. The accumulators contain the experimental brine and Refined 

Oil. For this experiment, brine is injected into the core in the holder, by a positive 

displacement pump of controllable rates and the core is fully saturated and then flooded with 

the same brine after which the permeability is measured. It has a differential pressure 

regulator that should not exceed 500psi, Confining pressure of 700psi ± 20 psi, back pressure 

of 200±20psi. The schematics and its description of this equipment are presented in Appendix 

A3 and A4. 

4.2.3 Relative Permeability 

It is also measured using the BRP which involves the drainage and imbibition type 

experiments, carried out at a rate of (0.2cc/min). Drainage measurement is carried out when 

the core fully saturated in brine is injected with some volumes of kerosene in order to model 

reservoir conditions and obtain the irreducible water saturation condition. The effects of 

tubing dead volumes are taken into consideration and are deducted from all values gotten. 

Imbibition process is carried out by injecting certain volumes of water to get the residual oil 

saturation condition, also considering the effects of tubing dead volumes. Before the start of 

the drainage experiment, the separator in the BRP is filled with Kerosene and water in an 

equal distribution, there are valves on the separator that dictates which fluids should be in the 

separator. An interface made visible by the camera on the Appilab software add-on, is tracked 

for movements, and the volume displaced is calculated.  
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Vdisplaced = Surface area (πD
2
/4) * total differential change in interface level, D is the internal 

diameter of Separator, 16mm.   

The point at which the interface level is static is referred to as the residual point during 

imbibition experiments and irreducible saturation for drainage experiments. Hence the 

experimental results such as; Sor, Swc, differential pressure drop, breakthrough time (usually 

the point at which a bubble appears in the separator) is measured and used to evaluate Kr.  

4.2.4 Specific Surface Area: 

Reactive surface area usually increases with increasing porosity and permeability (Bruno et 

al, 1999) 

 

𝐾 = 5
∅3

𝑠0
2(1−∅)2 ,𝑠0

2 = 5
∅3

𝐾(1−∅)2 

 

 

Eq. 4.1 
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Chapter 5 RESULTS AND DISCUSSIONS 

5.1 Results  

Table 5-1 Results from Experimental Analysis 

Sandstones Swirr 

(fraction) 

Sor 

(fraction) 

Kro’(md) 

(imbibition) 

Krw’(md) 

(Imbibition) 

Max Pc   

(drainage) 

(Bar) 

Wallace 

 

0.2828 0.3112 0.1687 0.002943 71.39 

Fontaine 

bleau  

0.4175 0.1492 0.2016 0.0005342 356.8 

 

Kro’ = Relative Permeability at irreducible water saturation  

Krw’ = Relative Permeability at irreducible water saturation 

The following calculations are used for both Wallace and Fontainebleau: 

5.1.1 Wallace (Volume displaced sample calculation) 

Drainage: 

Volume of water displaced: Cross-sectional Area of Separator * Change in level 

       : 𝜋𝐷2/4 *∆𝑙𝑒𝑣𝑒𝑙, D= inner diameter = 16mm
2
(Vinci Technologies) 

    : 201.14mm2 = 2.0114cm
2 
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V displaced = 2.0144* 3.816 = 7.68cc 

Volume of Water left = PV – Vol. displaced= 10.7-7.68 = 3.02cc 

Swirr = 3.02/10.7 = 0.2828 

Imbibition: 

Vdisplaced:  2.0114*2.63= 5.29cc 

Initial Volume Occupied by Oil = 7.68cc 

Sor = (7.68-5.29)/7.68 = 0.3112 

 

5.1.2 Relative permeability 

Imbibition curves in figure 5.1 were gotten using the Honarpour et al correlation in equation 

2.16 & 2.17 above. 

For drainage curves in figure 5.2, the Brooks and Corey correlation stated in equation 2.14 & 

2.15 was used. 

 
Krw (S) = 𝑎𝑤𝑆𝑏𝑤  

 

 

Eq. 4.2 

 

 

   

𝑎𝑤  , awn = endpoint values of relative permeabilities 

bnw, bw  = exponents in power relative permeability models 

Krnw = Relative permeability of non-wetting phase. (Chardaire − Riviere et al, 1992) 
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For Capillary Pressure curves (Appendix B10 & B11) capillary pressure, the modified 

Brooks and Corey model was used: 

 

𝑃𝑐𝑑 =
𝐶𝑤𝑑

(
𝑆𝑤 −𝑆𝑤𝑖

1−𝑆𝑤𝑖
)1/𝑎𝑤𝑑

 (Drainage)  

 

 

Eq. 4.3 

 

 

𝑃𝑐𝑑 =
𝑃𝑒

(𝑆𝑤
∗)1/𝜆  , Sw

*
= 

𝑆𝑤 −𝑆𝑤𝑖

1−𝑆𝑤𝑖
 (Kewen et al, 2000) 

 

 

Eq. 4.4 

 

awd = 𝜆 = Pore size distribution index 

Cwd= Pe =entry Capillary Pressure 

The Brooks and Corey formula in equation 4.3 has been widely used in the petroleum 

industry as it estimates capillary pressure very well and has been theoretically proven by 

Kewen Li (Kewen Li et al, 2000). Equation 4.3 and 4.4 is the same formula written in 

different forms. 

From equation ( 4.2) above 

Log Krw = Log aw + bw Log (Sw)  

Log aw = intercept, aw = 10^intercept 

bw = gradient = Cwd  

 

Table 5-2 Results from power law correlation 

Sandstones Cwd (Pb) (entry 

Pressure) 

awd 

Wallace 5.778 1.003 

Fontaine bleu 7.452 1.015 
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The values of 𝑎𝑜 , 𝑎𝑤 , 𝐶𝑤𝑑  are all positive (Skjaeveland et al, 1988). The entry capillary 

pressure and the pore size distribution index were gotten from the graphs and according to 

Kewen Li et al(2000) it canbe theoretically proven. Results of table 5.2 are gotten from the 

power law curves in figure 5.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5-1 Imbibition Relative permeability curves 
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 Figure 5-2 Drainage Relative permeability curves. 
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Figure 5-3 Power law curves for wetting phase 

Figure 5-4 Drainage Capillary Pressure Curves 
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Table 5-3 Results from Reservoir Simulation 

for total field recovery. 

Rocks Recoveries 

Wallace(dead Oil) 0.008328 

Fontainebleau (dead Oil) 0.03223 

Original reservoir (dead Oil) 0.007642 

Original reservoir with gas 0.2121 
 

  

 

Total Recovery: Total amount Produced/Oil initially in place (OIIP). 
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Figure 5-5 Graph of produced volumes from reservoir simulation 
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Figure 5-6 Graph of produced volumes of original model 
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5.2 Discussion 

From literature review as discussed above, relative permeability and capillary pressure are 

functions of water saturation. Fontainebleau is a more water wet sandstone than Wallace, and 

from experimental results gotten, was seen to have higher irreducible water saturation which 

causes it to have higher residual oil saturation. The smaller pores would contain more water 

than oil and the large pores just have thin films of water covering them, making oil more of a 

continuous phase and it is also expected that Wallace has an earlier water breakthrough, 

thereby reducing the oil produced. Furthermore, experimental results also proved valid as the 

pressure it takes to overcome the capillary forces due to wettability and interfacial tension is 

higher in Fontainebleau, and this causes a higher entry or breakthrough capillary pressure. 

According to Dullien (1992), the Berea sandstone which geologically also has above eighty-

five percent quartz, putting it in the same class with the Fontainebleau, a quartz arenite. Berea 

sandstone has a breakthrough capillary Pressure of 7.45, which is a value close to the 

obtained value of 7.45 for Fontainebleau from experimental data and correlations. This was 

considered accurate enough to get the entry pressure for the Wallace sandstone using the 

same procedure and these values were used to get the capillary pressure drainage curves in 

figure 5.4. The end point relative permeability of Fontainebleau sandstone is observed to be 

higher than that of the Wallace Sandstone as shown in figure 5.1. The clay swelling in 

Wallace is one of the reasons for the reduced permeability.  

Fontainebleau sandstones were observed to have higher pore size distribution index. 

According to Kewen li et al (2004), as the index increases, heterogeneity reduces. 

Fontainebleau is more homogeneous and so its pores would be more interconnected, which 

would increase the capacity for fluid flow.  
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For the reservoir simulation study carried out it was discovered from table 5.3 that the 

attempt to further understand the mineralogical distinction between the Wallace and 

Fontainebleau and observe how simulation relates or agrees with literature was successful. It 

was observed that the simulation results had recoveries of Fontainebleau higher than that of 

Wallace. This is also shown in figure 5 from the production over two years, with a plot of 

produced volumes against the days of production. 

Wallace is a glauconitic sandstone containing mica. Mica swells in the presence of water 

(Isaac, 1955). This is thought to be one of the reasons why the water recovered from Wallace 

sandstone, in this simulation is of a smaller quantity due to permeability infringements. Mica 

schists was considered after a test to be impermeable and yielded little or no groundwater 

(Graham, 2008), mica can have the composition {K1Mg 2.5 Si4O10(OH)2}. 

For the imaginary reservoir used through simulation it was discovered that the gas included in 

the model was to enable production of oil as shown in table 5.3 and figure 5.6. This could not 

be done for the Wallace and Fontainebleau sandstone as gas oil relative permeability values 

was not obtained during experimental analysis. 
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

1) In this study, using experimental data and simulation results, the attempt to observe, 

understand and analyze the recovery of the core with regards to the effect of the 

minerallogically different sandstones on recovery was successful. 

2) Wettability affects the relative permeability of the sandstones and this theory is observed 

when the two sandstones are compared. 

3) The presence of clay or micaceous materials in the Wallace sandstone affected its 

recovery.  

4) In this study, porosity is not directly proportional to permeability. 

 

6.2 Recommendations 

1) The Core flooding apparatus should be made available in order to accurately model 

reservoir conditions, which would also bring in the effects of rock compressibility on the 

reservoirs. 

2)Wallace can be heated up to reduce the effect of clay and glauconitic peloids swelling that 

causes pore throat reduction, reducing permeability and can also hinder water passage 

(A.K.M Jamaluddin & L.M Vandamme et al, 1995; Rengasamy & Chorom, 1996) 

3) The experiment can be further analyzed by getting the gas-oil relative permeability and the 

initial pressure can be changed and the effects on oil production observed and estimated.  
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4). Increase in data availability and the capacity to model reservoir conditions in the 

Laboratory would allow further analysis and simulation studies of these distinct sandstones, 

as this were limitations during this study. 

5) A grain analysis of the two sandstones can be experimentally carried out to further 

understand their mineralogical distinction.  
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Appendix A Pictures Of Instruments  

 

Figure A-1 Viscometer 
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Figure A-2 Benchtop Relative Permeameter 

 

 

Figure A-3 BRP Schematics Description 
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Figure A-4 BRP Schematics 
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Appendix C Results of Reservoir Simulation 

 

Figure C-1 Eclipse Output File (.Prt) of Fontainebleau (Start of Experiment) 

 

Figure C-2 Eclipse Output File (.Prt) of Fontainebleau (End of Experiment) 



80 

 

 

 

 

Figure C-3 Eclipse Output File (.Prt) of Original Reservoir (Orig) (Start of Experiment) 

 

Figure C-4 Eclipse Output File (.Prt) of Original Reservoir (Orig) (End of Experiment) 
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figure C-5 Eclipse Output File (.Prt) of Wallace Reservoir (Start of Experiment) 

 

 

figure C-6 Eclipse Output File (.Prt) of Wallace Reservoir (End of Experiment) 
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Appendix D Overview of Petrel 

 

D-1 Introduction  

In summary, Petrel has a workflow of creating a simple simulation grid, inputting functions 

(creating a fluid model, rock compaction functions, and saturation functions), initializing the 

model. Upscaling a geological grid local grid refinements, development strategies, Well 

design and importing a case if necessary. (Schlumberger, 2010). 

Petrel has high visualization ability, and it is used before and after simulation. (Schlumberger, 

2005) 

D-2 Workflow in Petrel 

D-2.1 Getting acquainted with the petrel User Interface 

D-2.2 Make a simple simulation Grid: In designing a 3D grid, this initial process makes it 

easy creating grid without faults, minimum values of x, y and z can be added to create a 

project boundary and also surfaces inserted to characterize horizons in the 3D grid. The 

horizons are created and this is the preliminary step to creating a 3D grid, this skeletal 

framework is composed of a Top, mid and bottom mesh and then the surfaces inserted creates 

subdivision in the vertical direction. 

If faults are to be modelled, they are characterized by pillars, which define the geometry of 

the 3D grid; this dependence of grids on fault modelling is known as Fault modelling and 

Pillar gridding 

The further subdivision in Vertical direction is through Making Horizons, zones and 

Layering. Horizons define depositional units, Zones can be evaluated from well tops or 

gridded thickness maps, and Layering is a last vertical resolution. 
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D-2.3 Inputting Functions: Using correlations; the fluid model, rock physics can be created, 

or they can be imported from keyword files, the initial contact depths and pressures would 

also have to be defined. These functions can then be edited or visualized in Petrel.  

D-2.3.1 Fluid model: This can either be a black oil model or compositional model, black oil 

model is used if the liquid and vapour phase are assumed to have one constituent, and 

temperature is also assumed constant, imbedded in the software is four default black oil 

models; dead oil (oil and water phases), light oil and gas (oil {API gravity 45}, gas and water 

phases), heavy oil and gas (Oil {API gravity of 26}, gas and water phases) and dry gas. On 

the other hand, the compositional fluid model is used for a fluid with various components; an 

equation of state is used to estimate the physical properties, depending on pressure and 

temperature, of the various components.  

D-2.3.2 Rock physics functions: This includes the saturation and rock compaction functions; 

saturation functions are represented by the relative permeability of oil and water, irreducible 

water saturation, and oil water capillary pressure, pre-set values gotten from Brooks and 

Corey correlations for sand, can be used for the Corey functions and also originally 

calculated saturation functions can be imported. 

D 2-4 Initializing the Model: First of all, simulation cases are defined, at this point all grid 

cells must include macroscopic properties, and this is done by imputing the fluid model 

created, relative permeability functions, rock compaction into the case. Initialization is 

carried out by ensuring all initial gas, water and oil pressure and saturation distribution is 

inputted. There are three methods of initializing; equilibration (initial phase values are 

computed by simulator), enumeration (initial phase values are inputted), and restart (gotten 

from previous restart file).  
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D 2-5 Upscaling: the geological grids can contain millions of grid cells, but a simulation 

model consist of a range of one to a million grid cells, depending on the runs, to be able to 

use the grids in a simulation process, pillar gridding process is used to characterize the x and 

y directions the z-direction subdivision is done u sing scale up structure and quality check is 

done by the geometrical modelling process.  

D 2-6 Local grid Refinements and /aquifers: the aquifers that provide pressure for water or 

gas is modelled and it is used to refine grids in the high flowing sections using the local grids, 

this local grids are categorized by inputting surfaces, wells and Polygons.  

D 2-7 Development Strategies: knowledge of the field development procedures can be gotten 

by using these strategies, which can be defined to the simulator. It helps to know the changes 

in a field with time like; proposed field rates, new umbilical’s or manifolds. The simulation to 

be carried out is in two stages, history matching and prediction. History match involves 

matching the real production history with a simulated one, sensitivity runs are done to change 

some reservoir properties and ascertain the effect, tuning runs are used to improve the match, 

if a satisfactory match is gotten the prediction begins. Prediction is done using the model that 

has matched the real production history to predict the future performance. Development 

strategy is divided into the history strategy (using first observed data),empty prediction 

strategy(blank strategy), prediction depletion strategy( a field with no injection, minimum 

bottom hole pressures{bhp} are inputted), prediction waterflood strategy (with water 

injection, bhp is also included ) 

D2-8 Well Design: the wells are imported into petrel, a path design and lateral design is used. 

Path design can for example include the Dog leg severity (DLS), lateral design include the 

reference measured depth or True vertical depth. 
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D 2-9 Importing a Case: a data file for simulation can be imported into petrel, petrel would 

get all the necessary files, and it would run eclipse and load its results, for the black oil 

model, Eclipse 100 is used and then results can be viewed in Petrel. (Schlumberger, 2001) 

 

Appendix E Overview of Eclipse Simulator (Black Oil) 

E-1 Introduction 

Eclipse is used widely in the petroleum industry, because it has been tested and found valid. 

It has the capacity of wide spread ways of modelling features of development situations; it 

also provides the different means of preparing data and processing results; Eclipse Office, 

PVTI, SCAL, FloGrid, FloViz, PSEUDO and GRAF. It has a wide variety of geometry 

options, fluid flow options and well futures solved fully implicit and also with the economic 

constraints. Eclipse has two simulators contained in it, they include the Eclipse 100 and 

Eclipse 300; Eclipse 100 is specially for the black oil modelling, Eclipse 300 is for 

compositional Fluid model. The Eclipse black oil simulator makes use of a data file, which 

contains sections which can be used for inputting data, requesting data and stipulate 

conditions. 

E-2 Data file 

The data file is a complete description of the model, and it is divided into eight sections 

namely; RUNSPEC, GRID, EDIT, PROPS, REGIONS, SOLUTION, SUMMARY, 

SCHEDULE.  Each of these sections are read and processed and produce output files known 

as (.PRT) files.  Flow is represented by; 

Flow = Transmissibility * Mobility * Difference 
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In Eclipse they are each represented as follows; Transmissibility includes the Geometry and 

properties, contained in the GRID and EDIT sections, Mobility includes the fluid properties 

contained in the PROPS, REGIONS and SOLUTION sections, and the Potential difference 

includes the Well Production contained in the SCHEDULE section. In essence, the data file 

contains the description of the reservoir, rock and fluid property, initial conditions, rates of 

individual phases in the wells and it also includes surface facilities.  

RUNSPEC: it includes the title, dimensions, phases present and they can be in METRIC or 

LAB units, the amount of PVT (Pressure Volume Temperature dependent properties), SCAL, 

and Wells, and the start date.  

GRID: This accounts for geometry from a calculation of the pore volume and also calculates 

transmissibility, the types of grids are block centred, corner point, radial, unstructured.  

PV = Vcell * ∅ * NTG, T(x,y,z) = 
𝐾 𝑥 ,𝑦 ,𝑧 ∗𝐴 𝑥 ,𝑦 ,𝑧 ∗𝑁𝑇𝐺

𝐿(𝑥 ,𝑦 ,𝑧)
 

NTG: Net to Gross ratio 

PV: Pore Volume 

EDIT: This section is for modifications of properties gotten or calculated in the GRID 

section.  

PROPS: This section contains fluid PVT and density, relative and capillary pressure, rock 

compressibility. PVT is gotten from laboratory experiments and correlations and this data is 

needed for estimation of stock tank conditions using the equation of state for black oil.  

REGION: it is an optional section only used for varying reservoir features.  

SOLUTION: it reflects the; initial pressure, saturation, aquifer conditions. It mainly reflects 

the initial state of every grid cell. 
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SUMMARY: is a command to eclipse of the list of output results to be written to the 

summary file after each simulation. 

SCHEDULE: this is used for the history match and prediction, the dates and time steps, well 

activities (production/injection) to be simulated and tuning parameters (can include the 

production economic limits, etc.) Most part of it is gotten from other applications  

 

Summarily, after creating a memory for input data, eclipse calculates pore volumes of each 

cell, transmissibility in each direction, rock and fluid properties are also identified, rock 

properties which are the saturation functions, initial conditions are then characterized using 

the OWC, Gas Oil Contacts (GOC), and the pressure at these depths. Before production or 

injection, Eclipse estimates the initial hydrostatic pressure gradients and initial saturation of 

each phase and input them in every grid cell. 

E-3 Eclipse Work Flow 

For reservoir simulation using eclipse; the objective must be well known, the data collected 

and assessed, build simple model, connect wells, specify production rates used in the past, 

history match (Pressure and production), sensitivity analysis, future prediction using different 

scenarios.  
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