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The oil and gas companies work hard to produce hydrocarbons economically. A sound 

production plan must be based on a good assessment of hydrocarbon volume in the 

reservoir. Currently, three dimensional geological reservoir models are used to first assess 

hydrocarbon volume, which are then up-scaled to simulation to make a production forecast. 

Various production scenarios are tested in these models to maximize recovery before they 

are implemented in the field. Saturation height models are an essential part of three 

dimensional geological models in which they are used to populate hydrocarbon saturations 

in the porous reservoir.  

Three dimensional geological models characterize the reservoir by sedimentological facies. 

Each sedimentological facies contains a number of rock types or hydraulic flow units. A 

rock type is distinguished by its texture and it has a distinct porosity-permeability 

relationship. A hydraulic flow unit is a rock having same ratio of permeability to porosity. 

For each hydraulic flow unit, there is a mathematical relationship that describes hydrocarbon 

saturation at any place in the reservoir as a function of its petrophysical properties and height 

above a datum or the Free Water Level. A set of mathematical equations for all hydraulic 

flow units in the reservoir (usually 5 to 8) are called a saturation height model. I established 

these models by integrating core data to logs and fluids in a multidisciplinary work-flow. 

The hydrocarbon saturations based on these models compare favorably with resistivity 

derived saturations from well logs. 

I determined hydraulic flow units present in a reservoir based on core data interpretation. 

After cores are placed on log depths properly, the log responses are related to petrophysical 
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properties measured on core. I established a predictive relationship for hydraulic flow units 

using log responses. This relationship is used to predict hydraulic flow units in non-cored 

wells. Once that is done, permeability can be calculated in non-cored wells also using the 

predicted hydraulic flow units. Each hydraulic flow unit has a saturation versus height 

relationship, which is used to calculate hydrocarbon saturations. 

A well calibrated saturation height model populates the three dimensional geological model 

with hydrocarbon saturations that are related to its sedimentological and petrophysical 

properties. The assessments of hydrocarbons in place using such models are more accurate 

than traditional mapping methods. 
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ϣЮϝЂϽЮϜ ЉϷЯв 

ЂъϜб̮̮̮̮̮̮̮̮̮̮̮̮̮̮̮:  дϝЎмϼ еϠ бтϽЫЮϜϹϡК дϝЎмϽЮϜ 

ϣЮϝЂϽЮϜ дϜнзК:  рϾϝПЮϜ ̭ϝГПЮϜ ϤϜϺ ЬмϽϧϡЮϜ евϝЫгЮ ИϝУϦϼцϜ Рыϧ϶ϝϠ ЙϡЇϧЮϜ ϣϮϻгж 

Ϸ̮ϧЮϜ̮̮̮Љ̮̮̮Ћ̮:  ϯЮϜуϮн̮Юнуϝ 

Ϧ̮тϼϝ̮ϬϽϷϧЮϜ ϵ:  ϽϠнϧЪϜ 2010 

 

 БУзЮϜ ϤϝЪϽІ ЬϻϡϦрϸϝЋϧЦϖ ЭЫЇϠ ϭϧзϦ сЫЮ ϝкϹлϮ оϼϝЋЦ ϾϝПЮϜм . бϯϳЮ ϹуϮ бууЧϦ пЯК ϢϹуϯЮϜ ϬϝϧжшϜ БГ϶ ϹзϧЃϦ дϒ ϟϯт

егЫгЮϜ сТ дϜϸнϮнгЮϜ ϾϝПЮϜм БУзЮϜ . ϝлϮϜϼϸϖ бϧт сϧЮϜм ̪ϾϝПЮϜм БУзЮϜ бϯϲ бууЧϧЮ аϹϷϧЃ̳Ϧ ϸϝЛϠцϜ ϣуϪыϫЮϜ ϣуϮнЮнуϯЮϜ ϬϺϝгзЮϜ ̪̯ϝуЮϝϲ

ЛЦнϦ бтϹЧϧЮ егЫгЮϜ ϢϝЫϳв ϭвϝжϽϠ сТϬϝϧжщЮ ϣуЯϡЧϧЃв Ϥϝ . ϬϝϧжщЮ ϣУЯϧϷв ϤϝкнтϼϝзуЂ ϼϝϡϧ϶ϖ бϧт ̪ϬϝϧжшϜ БГ϶ ϻуУзϦ ЭϡЦ

егЫгЮϜ сТ ϾϝПЮϜ м БУзЯЮ сЯЫЮϜ бϯϳЮϜ Ϭϝϧжϖ ев ϼϹЦ пЋЦϒ ХуЧϳϧЮ ЩЮϺм ϸϝЛϠцϜ ϣуϪыϫЮϜ ϣуϮнЮнуϯЮϜ ϬϺϝгзЮϜ сТ сЯϡЧϧЃгЮϜ . ϬϺϝгж

ϬϺϝгзЮϜ иϻлЮ сЂϝЂϒ ̭ϿϮ ЭϫгϦ ИϝУϦϼшϜ Рыϧ϶ϝϠ ЙϡЇΖϧЮϜ  ИϝϡІϖ ϟЃзЮ ϣЧуЦϸ ̯ϝгу̴Ц ϸ̵мϿϦ ϝлжϒ ϩуϲ ̪ϸϝЛϠцϜ ϣуϪыϫЮϜ ϣуϮнЮнуϯЮϜ

ϣ̵увϝЃгЮϜ евϝЫгЮϜ сТ ϾϝПЮϜм БУзЮϝϠ ϽϷЋЮϜ.  

 ев ϸϹК пЯК ϝлзв ϢϹϲϜнЮϜ рнϧϳϦ ϹЦ сϧЮϜм ̪ϣуϠнЂϽЮϜ ϤϝзϳЃЮϜ ХтϽА еК егЫгЮϜ СЋϦ ϸϝЛϠцϜ ϣуϪыϫЮϜ ϣуϮнЮнуϯЮϜ ϬϺϝгзЮϜ

сЫуЮмϼϹулЮϜ ХТϹϧЮϜ ϤϜϹϲм .ϧЮϜ бϧтϣ̵увϝЃгЮϜ ϣЦыК ХтϽА еК ϤϜϹϲнЮϜ иϻк пЯК РϽЛ-ϝлзв ЭЫЮ ϢϿΘуггЮϜ ϣ̵тϺϝУзЮϜ . Э̵Ћϳϧ̳гЮϜ ϣϡЃзЮϜ

сЫуЮмϼϹук ХТϹϦ ϢϹϲм ЭЫЮ ϢϹтϽТ днЫϦ ϣувϝЃгЮϜ пЯК ϣтϺϝУзЮϜ ϣгЃЦ ев ϝлуЯК . ϣуЎϝтϼ ϣЦыК ϹϮнϦ)сЫуЮмϼϹук ХТϹϦ ϢϹϲм ЭЫЮ (

 скм ̪егЫгЮϜ сТ дϝЫв рϒ сТ БУзЮϝϠ ЙϡЇϧЮϜ ϣϡЃж СЋϦ онϧЃв еК ИϝУϦϼшϜ оϹвм ϽϷЋЯЮ ϣуϚϝтϿуУЮϜ ЉϚϝЋϷЮϜ пЯК ϹгϧЛϦ

)ЙϮϽгЮϜ ХгЛЮϜ (ϽϳЮϜ ̭ϝгЮϜ . егЫгЮϜ сТ сЫуЮмϼϹулЮϜ ХТϹϧЮϜ ϤϜϹϲм ЭЫЮ ϣуЎϝтϽЮϜ ϤъϸϝЛгЮϜ ев ϣКнгϯв ЩЮϝзк) ϢϸϝК5-8 (

уϡЮϜ еуϠ дϼϝЧϦм Э̴вϝЫ̳Ϧ ϝлжϒ ϝкϝтϜϿв бкϒ ев сϧЮϜм ̪ИϝУϦϼшϜ Рыϧ϶ϝϠ ЙϡЇϧЮϜ ϬϺнгж п̵гЃϦ ϤыϯΘЃЮϜм ϣтϽϷЋЮϜ ϤϝзΘуЛЮϜ ев Ϥϝжϝ

ϢϸϹЛϧв ϤϝЋΗЋϷϦ ϤϜϺ ЭгК ϤϜнГ϶ Ьы϶ ев егЫгЮϜ сТ ϢϸнϮнгЮϜ ЭϚϜнЃЮϜ ЉϚϝЋ϶м ϣ̵тϽϛϡЮϜ . пЯК ϣ̵у̴з̶ϡгЮϜ сГУзЮϜ ЙϡЇϧЮϜ бу̴Ц

ϽϛϡЮϜ сТ ϣ̵уϠϽлЫЮϜ ϣвмϝЧгЮϜ Эϯ̴Ђ ев ϣ̵у̴з̶ϡгЮϜ ЩЯϦ ̯ϜϹуϮ скϝЏϦ ϬϺнгзЮϜ Ϝϻк.  



 

 

xxxix 

 

ЮϜ сЫуЮмϼϹулЮϜ ХТϹϧЮϜ ϤϜϹϲмϣтϽϷЋЮϜ ϤϝзуЛЮϜ ϤϝжϝуϠ ϽуЃУϦ ХтϽА еК ϝкϹтϹϳϦ бϧт егЫгЮϜ сТ ϢϸнϮнг . ХгЛЮϜ ЭтϹЛϦ ϹЛϠ

ϽϷЋЯЮ ϣуϚϝтϿуУЮϜ ЉϚϝЋϷЮϜ пЯК ̯Ϝ̭ϝзϠ ϝглзуϠ ϣЦыК ЁуЂϓϦ бϧт ̪ϱуϳЊ ЭЫЇϠ ϣтϽϛϡЮϜ ϤыϯΘЃЮϜм ϣтϽϷЋЮϜ ϤϝзуЛЯЮ . ̭ϝЇжϖ бϧт

 ев ϝлЋϚϝЋ϶ аϜϹϷϧЂϝϠ сЫуЮмϼϹук ХТϹϦ ϢϹϲм ЭЫЮ ϣтϕϡзϦ ϣЦыКϣтϽϛϡЮϜ ϤыϯЃЮϜ . ХТϹϧЮϜ ϤϜϹϲнϠ ϕϡзΖϧЯЮ а̲ϹϷϧЃ̳Ϧ ϣЦыЛЮϜ иϻк

ϣϮ̲ϽϷϧЃ̳в ϣтϽϷЊ ϤϝзуК пЯК рнϧϳϦ ъ сϧЮϜ ϼϝϠфϜ сТ сЫуЮмϼϹулЮϜ . еЫгт ̪̯ϝϳуϳЊ ϙΘϡ̲зϧ̳гЮϜ ϬϺнгзЮϜ Ϝϻк днЫт ϝвϹзК

 ϣтϽЋϳЮϜ бу̴ЧЮϜ пЯК ̯Ϝ̭ϝзϠ ϣтϽϷЋЮϜ ϣтϺϝУзЯЮ бу̴Ц ЈыϷϧЂϜ) Йв ϣувϝЃгЯЮ ϢϹтϽУЮϜ ϣϡЃзЮϜϣтϺϝУзЮϜ (сЫуЮмϼϹук ХТϹϦ ϢϹϲм ЭЫЮ .

ϢϹϲнЮϜ иϻк йуТ ϹϮнϦ рϻЮϜ ИϝУϦϼшϜ Рыϧ϶Ϝм ЙϡЇϧЮϜ ϣϡЃж еуϠ ϣЦыК ϹϮнϦ сЫуЮмϼϹук ХТϹϦ ϢϹϲм ЭЫЮ ̪̯ϝЏтϒ . ϣЦыЛЮϜ иϻк а̲ϹϷϧЃ̳Ϧ

рϕ̳ϡзϧЮϜ ϬϺнгзЮϜ сТ БУзЮϜ ЙϡЇϦ ϣϡЃж ϞϝЃϳЮ.  

 ̴ж ϣЧтϽГϠϽ̲тϝЛ̳в ИϝУϦϼшϜ Рыϧ϶ϝϠ ЙϡЇϦ ϬϺнгж ев ϣ̵ЧϧЇ̳гЮϜм ϸϝЛϠϒ сϪыϪ сϮнЮнуϮ ̱ϬϺнгж сТ ϣвϹϷϧЃ̳гЮϜ сГУзЮϜ ЙϡЇϧЮϜ бу̴Ц мϒ ϟЃ

ϣуϚϝтϿуТ ϣуϲϝж евм ϣуϠнЂϼ ϣуϲϝж ев ϣтϽϷЋЮϜ ЉϚϝЋϷЯЮ ϣуКϜϽ̳в днЫϦ ̪ϢϹуϮ . иϻк аϜϹϷϧЂϝϠ ϾϝПЮϜм БУзЯЮ ̵сЯ̳ЫЮϜ бϯϳЮϜ бууЧϦ

ϫЪϒ днЫт ϬϺϝгзЮϜϣтϹуЯЧϧЮϜ БϚϜϽϷЮϜ бууЧϦ ϟуЮϝЂϒ ев ϣЦϸ Ͻ.
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Chapter 1  

 

 

 
Introduction  

 

 

 

The purpose of a saturation height model is to populate a three-dimensional, geo-cellular, 

geological or reservoir simulation model with water saturation values. Fluids always reside in the 

pore space of a reservoir. Water is always present in the pore space in the reservoir besides 

hydrocarbon. The relative amount of hydrocarbon in a reservoir pore space is always measured in 

terms of its water saturation (one minus water saturation equals hydrocarbon saturation). Pore 

volume and water saturation in a reservoir are measured by running porosity and resistivity logs in 

wells on a wire-line or drill-pipe (Rider, 1996). Pore volume data are modeled away from wells 

using geological facies maps and geostatistics, whereas water saturation data are modeled away 

from wells using saturation height functions. 

In a reservoir rock having same porosity and permeability, water saturation decreases with height 

until it assumes a minimum or connate water saturation (Donaldson and Alam, 2008), which can 
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be modeled by means of a mathematical equation. This equation involves porosity, permeability 

and height (referenced to a datum) as the principal variables and is called a saturation height 

function. 

A three-dimensional pore volume model is a precursor of a water saturation model. Pore volume 

model is integrated to determine total hydrocarbon pore volume present in a reservoir. The product 

of pore volume and water saturation is called bulk volume of water that is present in a reservoir. 

One minus bulk volume of water is equal to the bulk volume of hydrocarbons in a reservoir, which 

can be integrated to determine the total bulk volume of hydrocarbons present in a reservoir. 

Integration of the bulk volume of hydrocarbons in a reservoir before production is called its 

original hydrocarbon bulk volume. Usually, oil shrinks and gas expands when they move out from 

subsurface reservoir at high pressure and temperature to the surface, which changes the 

hydrocarbon volume quantified by a formation volume factor (Ahmed, 2001). The original 

hydrocarbon bulk volume when corrected to the surface conditions using formation volume factor 

determines original hydrocarbons in place. The hydrocarbon reserves are determined from original 

hydrocarbons in place. A representative saturation height model is, therefore, very important 

because determination of hydrocarbon reserves depends on it. 

Reservoirs can be classified into clastics (sandstone) and carbonates (limestone and dolostone) 

depending on their lithology. The methodology of saturation height modelling is similar in clastic 

and carbonate reservoirs unless the reservoir has a very large oil column. Carbonate reservoirs 

have macro (pore throat sizes 62.5-10 µ) and micro (pore throat smaller than 10 µ) porosities 

(Lucia, 1999). A threshold pressure is required for an oil bubble to enter a pore through its throat 

(entry or displacement pressure). The entry pressure of a pore is overcome due to buoyancy force 
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that an oil column generates due to the difference of oil and water densities. At great oil column 

heights (several hundred psi), there is enough buoyancy force to overcome large pore entry 

pressures that are associated with micro-porosity. In carbonate reservoirs where micro-porosity 

contain hydrocarbons (due to exceptionally large oil columns), special techniques are required to 

model saturation height functions (Tiab and Donaldson, 2004).  

Gas is a highly compressible, lighter, and more mobile fluid than oil. There is a much larger 

difference in gas and oil densities than oil and water densities, therefore, gas column has much 

larger buoyancy force than oil column. For simplicity, saturation height functions of associated gas 

columns are often modelled using oil densities. In an oil and associated gas reservoir, the 

calculation of buoyancy force must account for gas, oil, and water densities. 

 In addition to differences in densities, gas-oil and oil-water have very different interfacial tensions 

and contact angles that are needed to calculate their capillary pressures. Again, for simplicity, oil-

water interfacial tensions and contact angles are used in associated gas columns. In an oil and 

associated gas reservoir, capillary pressure must be calculated using appropriate interfacial 

tensions and contact angles. 

Complex reservoirs often have layered architecture in which different layers have different 

lithologic and fluid characteristics. In simple saturation modelling techniques, often, a reservoir is 

classified into layers and each layer is modelled separately. It is better to classify a layered rock 

sequence into rock types, each of which have a separate saturation height function. An advanced 

modelling layout that can handle rock types and fit multiple saturation height functions 

simultaneously should be used.  
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Reservoir rocks penetrated by wells are sub-divided into a layering scheme that is based on 

sequence stratigraphic principles. These layers sub-divide reservoir rocks into layers that were 

deposited simultaneously and contain a set of genetically related sedimentological facies. The 

seismic sections should also be used besides well data to help define a reservoir layering scheme. 

Sedimentological facies and diagenesis control reservoir porosity and permeability. Sedimentary 

facies are identified by recording sedimentary structures (hydraulic and biogeneic) in cores. 

Diagenesis is determined by microscopic study of thin-sections of reservoir rocks. Macro-porosity 

is also measured on thin sections under microscope by point-counting technique. Sedimentary 

facies are known to have certain geometric characteristics that can be tentatively located in the 

sedimentary sequence provided the palaeo-shoreline is known. Sedimentary facies help model the 

reservoir away from wells. Petrophysical rock types must be related to sedimentary facies. A range 

of petrophysical rock types commonly occur in a sedimentary facies. Different sedimentary facies 

have different assemblages of petrophysical rock types (Lucia, 2007). Once sedimentary facies are 

modelled away from wells then petrophysical rock types are statistically distributed within them. 

Saturation height modelling is a sequential process, which requires many iterations to closely 

match with the log water saturation data at well locations (Darling, 2005). It is useful to design a 

modelling template in which this sequential process is dynamically linked so that results are 

immediately recalculated if model parameters are changed. 

In this Thesis, I will review the saturation height modelling methodologies and demonstrate their 

application on a carbonate reservoir, which has a small oil column and only contains oil in its 

macro-porosity. It will also demonstrate the application of oil-water and gas-oil interfacial tensions 
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and contact angles in the oil column and associated gas column, respectively. I will also formulate 

a comprehensive and dynamic modelling layout in a spreadsheet format. This layout is capable of 

classifying layered reservoir into seven rock types; apply different capillary pressure datums by 

four layers if necessary; fit seven saturation height functions simultaneously; and dynamically 

update the model if any parameter is changed. A sequence stratigraphic layering scheme based on 

seismic, log, and core data is used in which sedimentary facies are defined. Sedimentary facies are 

studied using thin sections, which are used to relate them to petrophysical rock types.  

Saturation height modelling is an advanced petrophysical process, which has not been discussed in 

detail in the published literature. There is no published book or monograph that describes the 

saturation height modelling process in detail. There is a considerable confusion even among 

experienced petrophysicists regarding the saturation height modelling. Therefore, an attempt is 

made to assemble the theory and process of saturation height modelling in an easy to understand 

manner. It is also essential to describe this theory so that the actual modelling process can be 

properly explained. For the sake of clarity, the theory and process of saturation height modelling is 

described in the earlier chapters. After the theoretical chapters, the actual model will be described 

in the latter chapters.  

A brief synopsis of saturation height modelling process is given below. Its purpose is to give a 

brief overview in the beginning so that the reader can appreciate the organization of the thesis. 

Another purpose is to maintain focus while writing later chapters so that only the relevant 

information is included. No attempt has been made to add technical references in this introductory 

chapter so that it can be made as direct and clear as possible. All relevant technical references will 

be listed in the following chapters when the subject matter is discussed in detail. 
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Information that is not directly relevant is not included in the main body of the Thesis. Such 

information is presented in the Appendix. The principal subject of the Thesis is first to assemble 

the saturation height modelling theory and then to show its application. This process is general and 

can be applied on data from any oil and gas reservoir in the world. It is not the purpose of this 

Thesis to describe the geology of a reservoir or model saturation versus height for a particular 

reservoir. Rather, the purpose is to compile and describe saturation height modelling theory and 

demonstrate its application. Therefore, geology of the reservoir is described in brief in the 

applications chapter (Chapter#5). The locations and actual names have been omitted. 

Saturation Height Modeling  

Establish Geological Framework  

Define Layering Scheme  

Using sequence- and seismic-stratigraphic principles, a layering scheme is to be established, first, 

based on well logs, core, and seismic data. It is important to identify reservoir-wide baffles, which 

could sub-divide the reservoir into layers with different fluid contacts. These reservoir sub-layers 

could be in pressure- and fluid-equilibrium before production starts. After significant production, 

these reservoir sub-layers may deplete differently and could develop pressure differentials. It is 

important to identify a good layering scheme before or during the saturation height modelling 

process. This layering scheme will establish a basic stratigraphic framework for the three 

dimensional geological model in which the saturation height model can then be properly applied. 
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Establish Structural Framework  

After a layering scheme is established, a structural framework can be defined. Tops are defined in 

wells when layers were identified, which were connected using seismic data where feasible. 

Faults, folds, and fracture pathways are identified. Top structural maps are prepared using well and 

seismic data. Several top maps are prepared often in a reservoir for major layers. Sub-layers are 

defined by splitting main layers, often, by making layer isopach maps and adding them to the top 

map immediately above. 

Identify Geological Facies  

After a layering scheme is defined and top maps are prepared, geological facies framework is 

defined based on core description, log signatures, and thin-section petrography. Geological facies 

are also to be predicted in un-cored wells. Geological facies should lead to the identification of 

depositional environments for each layer or sequence. Using present-day analogues, the geological 

facies can then be modelled in the three-dimensional geological model. The geological facies will 

be related to petrophysical rock property groups. These correlations will then help in distributing 

petrophysical properties within the three-dimensional geological facies framework in the 

geological model. 

Determine Reservoir -Wide Fluid Interfaces  

The nature of the various fluid interfaces will be discussed in the following chapters in detail. Here 

the purpose is to explain the over-all saturation height modelling process without digressing in 

details. 
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Fluid contacts must be determined in wells if they were encountered. There may be significant 

differences in fluid interfaces in different wells. In many cases, apparent fluid contacts are present 

but they do not represent real fluid interfaces. Real fluid interfaces are easier to interpret when data 

from different wells are examined together in their structural context. 

Primarily the interface between oil and water is to be determined. In this regard, Free Water Level 

(FWL) and Oil Water Contact (OWC) are to be determined. In reservoirs with cap-gas, Free Oil 

Level (FOL) and Gas Oil Contact (GOC) are to be determined. The FWL and FOL are always 

required in saturation height modelling because buoyancy pressure is calculated using height 

above these datums. The OWC and GOC are only required for volumetric computations to 

determine original oil and gas in-place.  

If FWL and FOL are not known within a narrow range of uncertainty, then, an initial guess is good 

enough to start the modelling process. Then, as the complete model is built, the impact of 

changing FWL and FOL is seen in terms of computed water saturations, which are compared with 

log-derived water saturations. Often, a good guess can be made regarding down-dip FWL or FOL, 

if these are not clearly intersected in wells. 

 

Model  Permeabilit y in Non -Cored Wells  

Saturation height models can be built using equations that do not involve permeability. These 

equations and processes will be discussed in the following chapters. This Thesis, however, will use 

a method that is dependent on rock permeability.  
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Permeability is measured directly on rock plugs that are cut from cores or measured directly on 

cores using permeameter
1
. Since cores are not cut in all wells, therefore, it is fundamental to model 

permeability in non-cored wells and intervals. Wireline logs are run in all wells over cored as well 

as uncored sections. Rock properties measured on core are correlated to logs after adjusting core 

depths with matching log depths. The correlations established between core permeability and log 

properties are then used to predict permeability in uncored wells. This subject will be discussed in 

the following chapters in detail. 

Determ ine Rock -Flu id Properties  

Capillary pressure involves interfacial tension and contact angles between fluid phases present in 

the pore space. Interfacial tension between oil and water and their inter-phase contact angle with 

the rock surface is required in order to determine the capillary pressure in the oil column. 

Interfacial tension between gas and oil and their interface contact angle with the rock surface is 

also required in the gas column. 

Determine Fluid Properties  

Buoyancy force of oil or gas is zero at FWL or FOL, respectively. Above FWL or FOL, buoyancy 

of oil or gas is dependent on the difference of densities of oil and water or gas and oil. Therefore, 

densities of water, oil, and gas are needed at reservoir pressure and temperature. Density of water 

depends on total dissolved solids, gas in solution, pressure, and temperature. Density of oil 

                                                 

1 Permeameter is an instrument that is used to measure permeability directly on a core without cutting a plug. 
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depends on oil specific gravity, gas in solution, pressure, and temperature. Density of gas depends 

on gas gravity or composition, pressure, and temperature. Densities of water, oil, and gas can also 

be determined at reservoir conditions from their pressure gradients in the reservoir where they are 

in continuous phase. These pressure gradients are determined by joining point pressures that are 

measured by formations tester. 

Define Reservoir  Quality Groups  

It is impossible to assign a single average capillary or pseudo-capillary pressure curve to all of the 

reservoir rocks. It is generally necessary to subdivide reservoirs into six or at-most seven reservoir 

quality classes, and then assign a capillary or pseudo-capillary pressure curve to each class. 

Reservoir quality is primarily dependent on porosity (storage capacity) and absolute permeability 

(flow capacity).  Commonly, reservoir quality groups are defined by subdividing the range of pore 

throat radii present in a reservoir into various classes. The ósquare-root of permeability divided by 

porosityô is a proxy of reservoir pore throat radius. Therefore, ranges of ósquare-root of 

permeability divided by porosityô are defined into various classes (commonly 6 or 7 classes are 

sufficient). Using probability plots, reservoir quality classes are defined and distributed normally 

in a reservoir. 

Correct and Convert Capillary Pressure Data to Reservoir Conditions  

Capillary pressure data is measured on rock plugs or chips taken from core. The data is measured 

in the laboratory using many fluids that are different from the water, oil, and gas present in the 

reservoir. Several corrections must be applied to the laboratory data before it can be used. Some of 
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these corrections are specific to the method or apparatus used in the laboratory and others are to 

convert laboratory fluid systems to reservoir fluid systems. 

Normalize Capillary  Pressure Curves  using J -Function Approach  

Capillary pressures measured in the laboratory are dependent on the porosity and permeability of 

the respective sample. First, the capillary pressure data is normalized for their respective porosities 

and permeabilities before average capillary pressure curves can be assigned. Capillary pressure 

data is normalized (commonly using J-function) and arranged by their respective reservoir quality 

groups. Then, an average capillary pressure or J-function curve can be assigned to a reservoir 

quality group. This data is plotted as the normalizing J-function versus non-wetting phase 

saturation. 

Calculate J -Function from Log Porosity, Permeability and Capillary 

Pressure  

It is useful to convert the log derived data (effective porosity, modeled permeability, and buoyancy 

pressure that is assumed to be equal to capillary pressure) into a J-function. Since the log data is 

also calculated into a water saturation, therefore, log-calculated J-function can also be plotted 

versus water saturation. Log data is already calculated into reservoir quality groups, therefore, log-

derived J-function is also plotted versus water saturation by its respective reservoir quality group. 

The log-derived J-function is then plotted besides capillary-pressure-derived J-function (measured 

on core samples) versus water saturation so that both J-functions can be compared. Also, the log-

derived J-function shows a capillary pressure trend when plotted versus water saturation. This log-

derived capillary pressure trend is called pseudo-capillary pressure. 
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Fit J  Curves to Rock Quality Groups  

Once capillary-pressure-derived J-functions and log-derived J-functions are plotted versus water 

saturation, then, it is feasible to assign an average J-curve to each reservoir quality group.  

Calculate Water Saturation Profiles from J Curves  

This average J-curve is then used to compute water saturation in the three-dimensional geological 

model in any grid block. Water saturations are also calculated from J-functions for each reservoir 

quality group and assembled for a well as a log. The J-function water saturations are then 

compared with log-derived water saturation for comparison. 
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Theory of Saturation Height Modelling  

 

 

 

Introduction  

Modelling of water saturation versus height in an oil or gas reservoir is based on capillary pressure 

concept. The understanding of capillary pressure behavior in a porous solid is vital to reservoir 

characterization and hydrocarbon production. Capillary behavior is not well understood and often 

not applied properly in reservoir characterization. Capillary behavior in a porous solid is the most 

important factor that determines the distribution of hydrocarbons in a reservoir.  

It is very important to determine a reservoirôs saturation profile. Saturation interpreted from well 

logs does not always give the complete picture. Accuracy of the saturation computed from logs is 

influenced by thin-beds, insufficient column penetration, invasion, uncertainty in the Archie and 

shaly sand parameters and reservoir heterogeneity (Amabeoku et al., 2006) and (Darling, 2005). 
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Capillary pressure curves provide a method to estimate fluid saturation versus depth that is 

independent from logs.  

Capillary Pressure  

An analogy can be used to explain the capillary pressure concept. Let us consider an inflated 

spherical balloon. The pressure inside the balloon is higher than outside. The surface of the 

balloon is curved and higher pressure lies on the concave side. The surface of the balloon is 

stretched and is in tension (Figure 2.1). This analogy may be extended to consider a bubble of oil 

within water (Figure 2.2). The pressure inside the bubble is higher than outside, therefore, higher 

pressure lies on the concave side and lower pressure on the convex side. The interface of the oil 

and water is stretched due to tension. This analogy can be extended further by placing an oil 

bubble above water in a tube (Figure 2.3). Half of the bubble of oil is shown, which has a curved 

interface having higher pressure on its concave side (within oil phase). The oil-water interface 

makes an angle and it touches the wall of the tube where it makes an angle theta (ɗ). The tension 

force in the oil-water interface can be measured with reference to the angle it makes with the tube. 

It can be seen that pressure difference across oil-water interface will increase as the curvature of 

this interface increases. When the interface of two fluids in a tube is straight then there will be no 

pressure difference across it. 
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Figure 2.1. An inflated balloon has higher pressure on its concave side (inside) and lower pres sure 
on its convex side (outside). Its surface is stretched due to tension.  
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Figure 2.2. A bubble of oil within water has higher pressure on its concave side and its interface 
with water is stretched due to tension.  

 

 

Figure 2.3.  A tube with water below and oil above also has a curved interface, which makes an angle 
(theta) with the wall of the tube. The concave side of the interface should have higher 
pressure as explained in Figure 2.1 and 2.2.  The oil and water interface is aga in stretched 
and is in tension.  
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Capillary pressure can now be defined as the pressure difference across a curved interface of two 

immiscible fluids that are present in a capillary tube (Archer and Wall, 1986). 

Capillary forces in a reservoir are functions of surface and interfacial liquid tensions, pore size, 

pore shape, and the wetting properties of the reservoir rock.  

Surface Tension (ST) and Interfacial Tension (IFT)  

Surface tension (ST) is the tendency of a liquid to expose a minimum free surface. It is a stress at 

the surface between a liquid and its vapor that is caused by differences in the molecular forces in 

the vapour and those of the liquid and by an imbalance of these forces at the interface. The 

interfacial tension (IFT) is a similar tendency when two immiscible phases are in contact. 

Interfacial tension and surface tension are represented in units of dynes per centimetre (dyne/cm), 

which is numerically equal to surface energy in erg per squared centimetre (erg/cm
2
). The surface 

tension of a pure substance decreases with temperature. The surface tension of oil-field brine 

generally ranges from 55 to 75 dynes per centimetre at the temperature of 60°F. The values of 

interfacial tension for oil-water systems ranges from 15 to 35 dynes per centimetre. 

Wettability  

The wettability of a solid surface is the relative preference of that surface to be covered by one or 

the other of immiscible fluids present near it. Figure 2.4 is a schematic diagram that shows oil and 

water lying above a solid or rock surface. The angle (ɗ) is measured by convention through the 

liquid phase of higher density. The adhesion tension determines which fluid will preferentially wet 

the surface. 
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Figure 2.4. The equilibrium of forces at a water -oil -rock interface. The interfacial tension between 
water and oil is ůwo, oil and rock is ůso, water and rock is ůsw . After Amyx et al. (1960)  

ὃ „ „ „  ὅέί— 

At is adhesion tension in dynes per centimetre, ůso, ůsw, ůow are interfacial tensions between solid-

oil, solid-water and oil-water respectively. 

If the denser liquid wets the solid then ɗ is less than 90Á and the adhesion tension is positive. If a 

fluid does not wet the solid then ɗ is more than 90Á and the adhesion tension is negative. The 

wettability is, therefore, characterized by the value of the contact angle ɗ. It is also a natural 

tendency of a liquid to displace another liquid. Also, it is a property of the nature of rock surface. 

The two fluids and the nature of rock (for example calcite or quartz) must be specified in order to 

describe wettability.  

The fluid phase that touches the rock matrix is considered as the wetting phase and vice versa; the 

fluid phase away from the matrix grain is called the non-wetting phase (Figure 2.5). 
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Figure 2.5. Schema tic diagram showing  four matrix grains in a rock with an inter -granular pore that 
is filled by water and oil. The water phase touches the matrix grains all along hence the 
rock is wetted by water and water is the wetting phase. Oil does not touch the matri x 
grain hence it is non -wetting, therefore, oil is non -wetting phase.  

Capillary Pressure Expression  

Let us consider an open capillary tube placed vertically in an open container of water (Figure 2.6). 

The tube is water wet hence adhesion or wettability force pulls water up inside the capillary until it 

is balanced by the weight of water (gravity force). The gravity force wants to pull water down 

from the tube to the level of free water in the big open container. The adhesion or capillary force is 

balanced by gravity force since the capillary tube and water container system is at equilibrium. 
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Figure 2.6 . An open capillary tube placed vertically in a container that is open to air. The water and 
air pressure profile is depicted to the right, which points to t he ȹP or differ ential 
pressure at the air -water interface.  Surface pressure of the water in the open container is 
equal to atmospheric pressure. Pressure above the water meniscus in capillary tube is 
also equal to atmospheric pressure. The pressure variati on along the height of water in 
the capillary tube results in a sharp pressure discontinuity at the meniscus interface.  

ὊέὶὧὩ Ὗὴ ὊέὶὧὩ Ὀέύὲ 

ὃ ς“ὶ “ὶὬ”Ὣ 

„ ὅέί— ς“ὶ “ὶὬ”Ὣ 

where ůwg is interfacial tension for a water-gas system; r is radius of the capillary tube in cm; h is 

height of liquid column in cm; ɟ is density of liquid in column in gram per cubic centimetre; g is 

gravitational force in centimetres per second square. 
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The value ɟgh is the hydrostatic pressure (ȹP) that is exerted by the column of liquid in the 

capillary tube. It is illustrated by the pressure profile depicted in Figure 2.6. 

ɝὖ ὖ ”ὫὬ
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The expression can be written as the density difference between the water and gas or air or any 

two fluids in the capillary tube. 

ὖ
ς„ ὅέί—

ὶ
 

where ůwh is interfacial tension for a water-hydrocarbon system; r is radius of the capillary tube in 

cm; ɗwh is contact angle between water and hydrocarbons at the solid surface. The equation states 

that for a greater affinity of the solid for the denser fluid (more water-wet) the greater the capillary 

pressure at the interface for a given capillary radius. It also states that capillary pressure increases 

as the radius of the capillary tube decreases. The wetting fluids have contact angles that range 

from 0° to 90°. The non-wetting fluids have contact angles that range in values from 90° to 180°. 

If a capillary tube was made of such a material (such as calcite) and it was wetted by oil (such as 

that rich in asphaltenes) then this capillary tube will have a negative capillary pressure. The 

wetting fluids are drawn into capillary tubes spontaneously. But once a capillary tube is filled by 

wetting fluid then it can only be displaced by applying a pressure. 
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Capillary Pressure in Reservoir Rocks  

The reservoir rocks have pores that contain hydrocarbons and water. The inter-connected pores in 

the reservoir rock can be considered equivalent to capillary tubes of varying radii (Figure 2.7). The 

pressure required to force entry of non-wetting fluid to displace the wetting fluid is dependent on 

the pore that has the largest radius. 

 

Figure 2.7 . Interconnected pores in the reservoir rock behave like a bundle of capillary tubes of 
different diameters . The entry of hydrocarbon in a rock is dependent on the  pores of 
largest radii (minimum entry pressure). The pore entry pressu re is dependent on the 
height (h ) above the Free Water Level. In this diagram  T is the  interfacial tension and ɗ is 
contact angle of the interface with the capillary tube wall.  

If a porous medium is considered as a bundle of  capillary tubes of different radii, the pressure 

required to force the entry of non-wetting fluid to start displacing the wetting fluid is given by: 

ὖ
ς„ ὅέί—

ὶ ͺ
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where ůwh is interfacial tension between water and hydrocarbons; ɗwh is contact angle of water 

hydrocarbon interface with the capillary wall; rlargest_pore is radius of largest pore throat. Generally 

the lower the permeability of the rock, the lower the largest pore size and higher the entry pressure 

would be for a constant wettability. The capillaries of smaller and smaller radii are invaded as the 

pressure of the non-wetting fluid is increased. A porous reservoir rock, represented as a bundle of 

capillaries of different diameter, would have a thickness above Free Water Level in which water 

saturation is gradually reduced to the minimum possible or connate water saturation (Figure 2.8). 

 

Figure 2. 8. A porous reservoir rock, represented as a bundle of capillaries of different diameter, 
would have a transition zone in which water saturation is gradually reduced to connate 
water saturation at its top. The left -part of the diagram shows a schematic bundle of 
capillary tubes standing vertically in an open water container, which defines Free Water 
Level at its top. A minimum capillary displacement pressure (P cd) is needed to force entry 
of oil into the largest capi llary, therefore, for a certain height above Free Water Level, 
water saturation would be 100%.  The capillary entry pressure increases as the radius of 
capillary decreases. The vertical dimension in this diagram could be considered as 
representing capillary  pressure (right -part) or height above Free Water Level.  

If pore diameters in a rock are relatively uniform in radii then little additional pressure is required 

to desaturate them and the plot of pressure versus saturation (or height above Free Water Level 
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versus saturation) would be almost flat (a plateau on the curve until connate or irreducible water 

saturation is reached). If pore diameters in a rock are very heterogeneous, then capillary pressure 

curve would show a more gradual transition to irreducible water saturation. A typical capillary 

pressure curve (schematic) is shown (Figure 2.9). The capillary pressure curve changes when the 

fluids involved are changed. If the interfacial tension of fluids increases, then, the irreducible 

wetting phase saturation remains almost the same but entry pressure increases as interfacial 

tension increases (Figure 2.9). 

 

Figure 2. 9. Left; a typical capillary pressure curve showing entry pressure, plateau and transition 
zone and irreducible wetting phase saturation. Ri ght; the capillary entry pressure 
increases as interfacial tension increases but the irreducible wetting phase saturation 
remains almost unmoved . Modified after Dandekar (2006).  
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Saturation History  and Capillary Pressure  

The capillary pressure is dependent on the direction of saturation change and saturation history. 

The saturation history of reservoirs is often complex and must be worked out before saturation 

could be properly modelled based on capillary pressure. All reservoir rocks are considered to be 

saturated and wetted by water initially, and subsequently, hydrocarbons migrated into them later. 

Drainage is the process in which the wetting phase (water) is removed from the reservoir due to 

the injection of hydrocarbons (non-wetting phase). When the hydrocarbons (non-wetting phase) 

move into a rock for the very first time and expel water (wetting phase), then the process is called 

primary drainage. Hydrocarbons could escape out of a reservoir due to leakage (or another 

mechanism) then water (wetting phase) could soak back into the reservoir from the aquifer to fill 

in the space vacated by hydrocarbons  (non-wetting phase) and this process is called imbibition. 

The hydrocarbons can not fully escape out of a reservoir and water can not fully saturate it because 

some hydrocarbons are left trapped in the reservoir (residual hydrocarbons). Therefore, the 

imbibition process in which water saturation is increasing at the expense of hydrocarbons, never 

attains 100 per cent water saturation (Figure 2.10).  
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Figure 2.10. A schematic plot showing a capillary pressure curve for primary drainage in which 
wetting phase (water) is expelled as hydrocarbons  are injected into the rock  until water 
can not be displaced any more at irreducibl e water saturation (Swirr) . It also shows a 
capillary pressure curve for imbibition in which wetting phase is soaking back into rock 
plug as oil is expelled. The imbibition curve intersects saturation axis at Sor (residual oil 
saturation) when capillary pr essure has decreased to zero.  After Zinszner and Pellerin  
(2007). 
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Figure 2.11. A sc hematic plot that shows a second drainage imposed on a sample having oil at 
residual saturation. The sample had attained irreducible water saturation at the end of 
first drainage (oil injection into water saturated sample) then it was allowed to soak water 
back into it (oil expelled) during spontaneous imbibition. At the end of spontaneous 
imbibition rock sample had oil at irreducible saturation. Then oil is injected  again, which 
leads back to irreducible water saturation. The difference of saturation history between 
first and second drainage is called trap hysteresis. The difference between first 
imbibition and second drainage is called drag hysteresis.  After Zinszne r and Pellerin  
(2007). 

It can be stated that capillary pressure and water saturation in a reservoir rock exhibits hysteresis. 

Due to hysteresis, a higher water saturation will result for a given capillary pressure if the porous 

media is being desaturated (drainage) than if it is being resaturated (imbibition). A rock that is at 

residual oil saturation due to spontaneous imbibition, may undergo secondary drainage and again 

attain irreducible water saturation (Figure 2.11). The difference between primary drainage and 

secondary drainage curve is called trap hysteresis. The drag hysteresis is the difference between 

first imbibition and secondary drainage. This is due to different contact angles between drainage 

and imbibition (receding and advancing) and different trapping mechanisms between the cycles 
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(Figure 2.12).  The drag hysteresis is the true hysteresis because if the spontaneous imbibition and 

secondary drainage cycles are repeated, then the same curves should result (provided that 

wettability does not change). There is no hysteresis between primary drainage and spontaneous 

imbibition cycles because the difference arises due to permanent trapping of some of the non-

wetting fluid (Zinszner and Pellerin, 2007). 

 

Figure 2.1 2. Advancing ( ɗa) and recedi ng (ɗr) angles of a drop of oil between a stationary top plate 
and a displacing bottom plate ( Leach et al., 1962; Donaldson & Alam, 2008 ). This oil drop 
is made to move in water by displacing the lower plate very slowly while keeping the 
upper plate statio nary. It simulates water displacement by oil in a capillary (drainage 
process), which has an advancing angle. It also simulates oil displacement by water 
(imbibition process), which has oil receding angle.  

The differences in capillary pressure between drainage and imbibition cycles are explained by the 

different contact angles of the oil-water interface.  

Generally, water-phase desaturation is referred to as the drainage cycle and water-phase increasing 

is referred to as imbibition (this is true only when water is the wetting phase). In oil-wet porous 

medium, this does not apply because the water is the non-wetting phase. The drainage and 

imbibition capillary pressure cycles have different patterns for oil-wet and water-wet rock.  

The capillary pressure cycle as measured on a water-wet core is shown in Figure 2.13. This cycle 

is measured by first injecting oil into a water-saturated core (primary drainage) that is followed by 

spontaneous imbibition of water (oil expulsion) until capillary pressure drops to zero (part of 

previously injected oil is recovered and oil saturation is reduced to Sor, that is residual oil 
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saturation to spontaneous water imbibition). Then, water is injected into the core and capillary 

pressure becomes negative because water phase has higher pressure than oil phase. At the end of 

the water injection cycle, oil saturation in the core is reduced to Sorw (residual oil saturation to 

water flood). Lastly, oil is injected again into the core. 

 

Figure 2.1 3. The capillary pressure curve for a  water -wet rock; (1) oil displacing water from Sw = 1, 
(2) spontaneous imbibition of water, (3) forced displacement of oil to Swor (residua l oil to 
water flood), (4) thre shold pressure P T(2) must be exceeded before oil can be injected, (5) 
forced displacem ent of water by oil. P T(1) is entry pressure for oil to enter the rock. The 
shaded A 1 is greater than A2 for the water -wet rock. Swi is connate or irreducible water 
saturation , which  is achieved at the end of 1

st
 drainage cycle.  After Donaldson and Alam 

(2008). 

The capillary pressure cycle as measured on an oil-wet core is shown in Figure 2.14. In this case, 

(oil wet condition) no water imbibes into the oil-saturated core spontaneously and oil only moves 

when water is injected, which means that capillary pressure is negative because water phase is at a 

higher pressure than oil phase. The water flood recovers oil out of the oil-saturated core, which 

reduces the oil saturation to Sorw (residual oil saturation to water flood or forced imbibition). In the 

end, oil is injected in the core again.  
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Figure 2.1 4. The capillary pressure curve for an oil -wet rock; (1) oil spontaneously imbibes in the 
rock, (2) wa ter does not imbibe, (3) a thre shold pressure (P T) must be exceeded before 
water will displace oil, (4) o il will imbibe, (5) oil displacement of water. Area A 2 is greater 
than A 1. After Donaldson and Alam (2008).  

The capillary pressure cycle that could be measured on a mixed-wet core is in-between those 

shown above for water-wet and oil-wet cores (Figures 2.13 and 2.14). 

The static positions of water, oil and gas in the pore space were studied by Zhou and Blunt (1998). 

In water-wet pores, water is present in corners, oil spreads over a thin film of water and gas 

occupies the center of the pore (Figure 2.15a). In oil-wet pores, oil occupies the corners and gas is 

mostly in contact with oil because it is more wetting to oil than water. In oil-wet pores water 

occupies the center of the pore. In mixed-wet pores, the corners contain either water or oil 

depending on the preferential wetting conditions of the exposed surfaces. Generally, the smaller 

pores are occupied by water and are water-wet, but the larger pores are oil-wet and a continuous 

film of oil exists throughout the rock within these larger pores (Anderson, 1986) Rocks with 

mixed wettability have very low residual oil saturation. Mixed wettability occurs when some 
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organic compounds included in the oil react with the water-wet surface of the rock. This reaction 

displaces the aqueous film on the rockôs surface, creating a new oil-wet coating on it (Tiab and 

Donaldson, 2004). 

 

Figure 2.1 5. (a) fluid phase distribution in water -wet pore, (b) fluid phase distribution in oil -wet pore, 
(c) fluid phase distribution in mixed -wet pore. The blue represents water, green  
represents oil and red represents gas phase. After Zhou and Blunt (1998).   

Definition of Fluid Contacts  

It is essential to identify fluid contacts before water saturation can be modelled. It is essential also 

to clearly define fluid contacts and distinguish between various kinds of fluid contacts. The subject 

of fluid contacts is very complex. So, it useful to describe it first in the most simple situation. It is 

assumed that an oil and cap-gas reservoir (water-wet) consists of a rock whose pore geometry is 

uniform hence it can be described by a single capillary pressure curve (Figure 2.16).  
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Figure 2.1 6. This diagram represents a water -wet reservoir, which consists of a rock whose pore 
geometry is uniform. The reservoir contains cap -gas and oil below whi ch there is water 
saturated rock having same pore geometry as the reservoir. A cross -section of this 
reservoir on the right shows water leg, water -oil transition zone, oil zone, gas -oil 
transition zone and gas cap. On the left capillary and saturation vers us height curve is 
shown. The diagram shows various fluid interfaces in relation to its position on its 
capillary pressure or saturation versus height curve. The fluid interfaces start from Free 
Water Level, 100 per cent w ater saturated zone above Free W ater Level, water -oil 
transition zone, oil -water contact, oil zone, Free Oil Level, oil -gas transition zone and gas 
cap.  

A capillary pressure curve can be considered as a curve plotting water saturation as a function of 

height above the level of zero capillary pressure (Figure 2.16). The drainage capillary pressures are 

normally considered to be appropriate for describing the initial fluid distribution in a reservoir. An 

entry pressure must be reached before the non-wetting phase can enter the pores (for example 

when oil is migrating up-structure). In a reservoir, the wetting fluid saturation (water saturation) 

will start to decrease above the level at which the entry pressure is reached. Hence, the level of 

zero capillary pressure is below the level of 100 per cent water saturation (Figure 2.16). The 

difference in height between these two levels is a function of the largest pore throat in the 

reservoir. If the largest pores are relatively large, then, the difference between these levels will be 
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relatively small. The oil-water contact can be highly variable in a reservoir whereas there may only 

be a single flat Free Water Level (Figure 2.17). 

 

Figure 2.1 7. A schematic cross -section of a reservoir in which reservoir quality decreases towards 
left (pore throats are gett ing smaller). It has same Free W ater Level but its oil -water 
contact (IOWC or Initial Oil Water Contact) is variable and is shallower towards the left.  
After Dahlberg (1995).  

Free Water Level (FWL)  

This is the equilibrium level of the oil-water or gas-water contact in an open borehole. The FWL is 

the datum in reservoir at which capillary pressure is zero. In water-wet reservoir it lies below 100 

per cent water saturated rock and it is below the oil-water contact. In gas reservoirs it lies below 

100 per cent water saturated rock and lies below gas-water contact. It is defined generally at the 

cross-over point of water and hydrocarbon pressure trends versus elevation that are defined by 

point pressures taken by formation tester tool. 

Init ial Oil Water Contact (IOWC)  

This is the lowest point in the reservoir where oil is present, and in water-wet reservoirs it is above 

Free Water Level. 
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Producing Oil Water Contact (POWC)  

This is the lowest point in the reservoir where oil is produced. It corresponds with the level at 

which oil saturation is just above the residual oil saturation.   

Economic Oil Water Contact (EOWC)  

This is the level in the reservoir where oil production is at or above a minimum required oil rate. 

Completion or Dry Oil Water Contact (COWC)  

This is the lowest level in the reservoir where no water is produced. It corresponds to the top of 

transition zone or the level at which water saturation has decreased to irreducible water saturation. 

Initial Oil Water Transition Zone  

This is the vertical distance between the Initial Oil Water Contact (IOWC) and Completion Oil 

Water Contact (COWC). 

Producing Oil Water Transition Zone  

This is vertical distance between the Producing Oil Water Contact (POWC) and top of transition 

zone where water saturation is at irreducible level. In this interval water and oil are produced 

together. 
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Connate Water Saturation (S wc) 

This is initial water saturation at any point in the reservoir. It decreases with height above the 

IOWC. 

Irreducible Water Saturati on (Swirr ) 

This is the minimum water saturation that can be obtained by oil displacing water. The lowest 

level of Swirr is at the top of the water-oil transition zone. 

Free Oil Level (FOL)  

This is the level of gas-oil contact where gas-oil capillary pressure is zero. It lies below the gas-oil 

contact. It is generally defined at the cross-over of gas and oil pressures trends versus elevation 

that are defined by point pressures taken by formation tester tool. 

Gas Oil Contact (GOC)  

This is the level in the reservoir where free gas is present in the pore spaces. It is generally defined 

by logs (resistivity, density and neutron). 

Gas Oil Transition Zone  

This is the vertical thickness between Free Oil Level and Gas Oil Contact. This thickness is 

generally very small (one or two feet) but it can be thick (several tens to hundreds of feet) in low 

permeability (permeability less than 0.1 mD). 
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Fluid Contacts  in Water - and Oil -Wet Reservoirs  

In an oil-wet reservoir, Free Water Level (as defined by pressure profiles versus elevation) is 

above the oil-water contact. The FWL in oil-wet reservoir plots well within the oil column that is 

defined from resistivity and porosity logs. The geometry of Free Water Level and oil-water contact 

is defined in terms of capillary pressure and pressure-elevation profile (Figure 2.18). The capillary 

pressure curve for a water-wet reservoir is apparently inverted in an oil-wet reservoir. The 

geometry of pressure-elevation profiles is particularly important in both cases. In an oil-wet 

reservoir, water pressure line apparently lies relatively to the right of the oil pressure line and point 

pressures taken near Free Water Level are scattered. Another important factor is the difference in 

the shapes of the capillary pressure curves. The capillary pressure curves can be taken as a proxy 

of water saturation versus height. The capillary pressure or water saturation versus height profile is 

very steep in oil-wet reservoirs. Commonly, oil-wet or mixed-wet reservoirs exhibit an atypical 

water saturation versus height profile, which have two distinct curvatures. The oil- or mixed-wet 

reservoir, if modeled with drainage capillary pressures, falls much short of water saturation that is 

interpreted from resistivity and porosity logs. Often, imbibitions type capillary pressure curves 

(very steep curves) are necessary to model oil- or mixed-wet reservoir water saturations.  



37 

 

 

 

 

Figure 2.1 8. Schematic capillary pressure profiles and pressure versus elevation t rends in oil drive 
(water-wet and oil -wet reservoirs). In water -wet reservoir oil pressure trend versus 
elevation is defined by point pressures taken away from FWL in both oil and water 
column. The MHL stands for Moveable Hydrocarbon Level at which pressur e difference 
between water and oil phase is Pt. FWL is below MHL or Producing Oil Water Contact. 
The oil saturation up to the MHL is residual. The capillary pressure above FWL is 
positive. In oil -wet reservoir FWL is above MWL or Moveable Water Level that is the level 
above which no water is produced. It is completion or dry oil water contact (COWC). 
Transition zone lies below MWL to level where oil saturation is  irreducible.  The water 
saturation is residual at FWL in oil -wet reservoir. The capillary pressu re in oil -wet 
reservoir is negative in oil zone below FWL. Commonly point pressures taken in 
reservoir with formation tester tool are either scattered near FWL. A good pressure trend 
is only established by points taken away from FWL. Modified a fter Desbran des et al. 
(1990). 
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Capillary Pressure Conversion to Reservoir Conditions  

The measurement of the capillary pressure and its fundamental corrections are described in 

Appendix A. After correcting the measured capillary pressure in laboratory for equipment related, 

stress and clay bound water (CBW) effects, it is converted to reservoir conditions and fluid 

systems. The capillary pressure measured in the laboratory fluid system is converted to the 

reservoir conditions fluid system using:  

ὖ
„ὧέί—

„ὧέί—
ὖ  

Typical values of ů and cosine ɗ, are listed below (Table 2.1). 

 

Table 2.1. Default values of contact angle and interfacial tension for laboratory and reservoir fluids.  

The default values of interfacial tension and contact angle may not work properly in few cases. 

The interfacial tension is known to vary with temperature differently for oils of different gravities 

(Fig. 2.19).  
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Figure 2. 19. Oil water interfacial tension at a given temperature is related to oil gravity in API 
(American Petroleum Institute) degrees. For example, a light crude has a lower interfacial 
tension than a heavy crude at same temperature.  After Core Labs (200 4). 

A constant value of interfacial tension and contact angle may not give representative results in 

reservoirs where oil columns are segregated from light oil near the top to heavy oil near the free 

water level. In such cases interfacial tension values, which vary with height above free water level 

are needed. Often such segregated oil reservoirs exhibit variable wettability with height above free 

water level. In such cases a variable contact angle with height above free water level may also be 

needed. 

An example of conversion from air-mercury to air-brine fluid system at laboratory temperature is 

described below. 
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Another example of conversion from air-brine laboratory capillary pressure to oil-brine reservoir 

capillary pressure is described below. 
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Conversion of Reservoir Capillary Pressure to Height above Free Water 

Level  

The reservoir capillary pressure can be converted to height above Free Water Level using the 

following equation: 

Ὄ  

ὖ
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where Pcres is capillary pressure at reservoir conditions in psi, g is acceleration due to gravity in 

ft/sec
2
, and ȹɟ is difference of brine and oil density at reservoir conditions, ɟw and ɟo are reservoir 

densities of brine and oil in lbs/ft
3
. It can also be stated as below: 

Ὄ  

ὖ
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where dPw/dh and dPo/dh are pressure gradients of water and oil in psi/foot. 
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Pore Radius Computation from Capillary Pressure  

The radius of capillary tube is part of the capillary pressure definition equation. The capillary 

pressure defining equation can be rearranged and stated below: 
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After appropriate unit conversions, 0.145 is the constant that is required to compute the pore throat 

radius in microns. Each capillary pressure value is converted into an equivalent capillary tube 

radius. A capillary pressure curve consists of a series of values. It is converted to a continuous 

distribution of equivalent pore throat radii (Figure 2.20).  
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Figure 2.2 0. Pore throat radii size distribution versus incremental pore volume graph that is 
computed from a mercury injection capillary pressure curve. This carbonate rock has a 
set of larger pores whose equivalent radius is about 300 microns. It also has a large 
number of much smaller pores with radius  less than 1 microns.  

Curve Fitting Functions of Capillary Pressure Data  

A plot of capillary pressure test points versus non-wetting phase saturation need to be fitted with a 

continuous curve. This curve can be fitted by interpolating between measured data points either 

linearly or non-linearly. It is much more useful to have the curve described mathematically so that 

non-wetting phase saturation or height above free water level could be calculated from capillary 

pressure. All corrections such as closure, stress and clay bound water (Appendix A) should be 

applied before the curve fitting. Usually, a curve is fitted to data in laboratory units because it is 

easier to transform the curve equation into reservoir condition units. At reservoir conditions, the 

capillary pressure can be replaced by height above free water level. There are a large number of 

mathematical functions that are used to fit capillary pressure data. The commonly used functions 

are described below. 
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Simple  Non-Linear Function  

A simple function that can fit capillary pressure data with one additive constant (a) and two 

exponents (b, d) is given below (Fig. 2.21): 

Ὓ    
ρ

ὥ ὖ ᶮ
        

 

Figure 2.2 1. The non -linear function used to fit capillary pressure data for three samples.  

Logarithmic Function  

A logarithmic function can also fit capillary pressure data with one additive and three 

multiplicative constants (a, b, c, d) and one exponent (Fig. 2.22): 

Ὓ    
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Figure 2.2 2. The logarithmic function used to fit capillary pressure data for three samples.  

Simple Exponential Function  

An exponential function can also be used to fit capillary pressure data. The curve fits using 

exponential function are good for low permeability samples and away from sharp transition zones 

(Fig. 2.23):  

Ὓ    ὥ Ὡ ὧ 
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Figure 2.2 3. The exponential function used to fit data for three samples.  

Advanced Exponential Function  

A more elaborated exponential function has also been proposed to fit capillary pressure data. The 

curve fits using this exponential function are good for all samples including both low and very 

high permeability samples (Fig. 2.24):  

Ὓ    ὥ
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Figure 2.2 4. The advanced exponential function used to fit capillary pressure data for three 
samples.  

Hyperbolic Function  

The curve fits using a hyperbolic function are good for all samples including both low and very 

high permeability samples. The equation is unstable for certain values where a division by zero 

occurs (Fig. 2.25): 

ὖ ὥ  Ὓ ὦ   Ὧ 
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Figure 2.2 5. The hyperbolic function used to fit capillary pressure data  for three samples.  

Lambda Function  

The lambda function is a special fit of capillary pressure data using a power-function. The curve 

fits using the lambda function are good for all samples including both low and very high 

permeability samples (Fig. 2.26): 

Ὓ    ὥ ὖ ὦ 
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Figure 2.2 6. The lambda  function used to fit capillary pressure data for three samples.  

Thomeer Function  

Thomeer (1983) noted that when capillary pressure is plotted against bulk volume of the non-

wetting phase (not pore volume) on bi-logarithmic paper, the best curve fits are those of 

hyperbolic functions. The Thomeer hyperbolic function is defined below: 

ὄὠ   ὄὠ Ὡὼὴ
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where BVnw is the bulk volume occupied by the non-wetting phase at pressure Pc, BVnwÐ is the 

bulk volume occupied by the non-wetting phase at infinite pressure, which is approximately equal 
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to the total interconnected pore volume. The Pd is the entry or displacement pressure and G is the 

pore geometrical or sorting factor (Figure 2.27). 

The acquisition and plotting of mercury injection data is explained in Appendix A. 

 

Figure 2.2 7. The Thomeer type curves with gradually increasing pore geometric or G -factor s from 
left to right.  

Averaging and Normalising Capillary Pressure Data  

It is essential to reduce the amount of the measured capillary pressure data, which is done by 

normalizing and averaging. The reservoir simulators require a function for saturation height input, 

which is obtained by averaging the capillary pressure data. 

Provided there is a good relationship between permeability and porosity, classifying the data and 

averaging by porosity groups works. The capillary pressure data may also be grouped by 
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geological or sedimentological facies if they have good correlations to porosity and permeability. 

Commonly, permeability is the best parameter to use in classifying capillary pressure data.  

A good averaging technique should preserve the characteristics of individual capillary pressure 

curves. It can be done by averaging the calculated results from each capillary pressure curve rather 

than averaging the curves themselves. The grouping of capillary pressure data into porosity classes 

is the most common method of averaging. However, the grouping can also be done by 

permeability, entry pressure, or curve shape. 

A key issue in using average saturation height curves is that permeability has to be predicted in 

uncored sections of the wells. This is easy if there is a clear relationship between porosity and 

permeability. In most cases, permeability measured on core has to be related to logs, which are 

then used to predict it in uncored sections. This subject will be described in a later chapter (pp. 

105-106,111). 

Averaging by Thomeer Method  

The fitting parameters of Thomeer function are related to porosity and permeability from which 

saturation height curves can be constructed. The three parameters obtained from fitting the 

Thomeer function to individual capillary pressure curves namely BVnwÐ , Pd, and G can be related 

to porosity or permeability to establish their relationships.  The regression lines may be fitted 

through the data. Then one creates a capillary pressure curve for a known porosity or permeability, 

and these are used as input to estimate the three Thomeer parameters (Figure 2.28).  
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Figure 2.2 8. Thomeer parameters ( BVnwÐ , Pd, G) that are obtained from individual curves are plotted 
against porosity . A relationship exists between these three parameters and porosity.  

Generally, there is a relationship between the Thomeer parameters and porosity. Often better 

relationships can be obtained if the square root of the ratio of permeability to porosity is used 

(Figure 2.29). 
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Figure 2.29 . Thomeer parameters ( BVnwÐ , Pd, G) that are obtained from individual curves are plotted 
against Flow Zone Indicator {0.0314*SQRT(K/PHIE)}. A better  defined  relationship exists 
between these three parameters and Flow Zone In dicator.  

Averaging by Heseldin Method  

Heseldin (1974) used porosity to average capillary pressure curves because porosity data is 

calculated from wireline logs and directly available across the reservoir. A good relationship 

between permeability and porosity often exists causing the method to work reasonably. Firstly, the 

capillary pressure data are interpolated to fixed and consistent values of capillary pressure. Then, 

porosity is plotted against bulk volume occupied (non-wetting phase) for all samples at the same 
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capillary pressure. The bulk volume occupied (non-wetting phase) is given by PHIE * (1-Swet). A 

curve is fitted through the data for the particular pressure. A good fit is usually obtained by a 

hyperbolic equation that is given below. 

ᶮ ὃ   ὄὠ ὄ  

In this equation, A and B are fitting parameters. When BVnw is zero then ◖ axis intercept is 

porosity below which hydrocarbons will be unable to enter the rock at the given pressure. A series 

of such plots are made for different capillary pressures and the result is a series of curves. Another 

plot is made in which capillary pressure is plotted against the parameters A and B and regression 

lines are fitted (Figure 2.30). Hence the functions are derived in which parameters A and B are 

related to capillary pressure. Using these relations, families of capillary curves can be constructed 

from porosity and height above Free Water Level. 
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Figure 2.30 . Thomeer parameter  (BVnwÐ) that is  obtained from individual curves at particular 
pressures are plo tted against porosity and curves for each pressure are fitted. The curve 
fitting function is a hyperbolic equation in which there are two fitting parameters A and 
B. The parameters A and B are plotted for all curves (constant pressures) against 
capillary p ressure. Capillary pressure curves can be generated using parameters (A & B) 
and height above free water level.  

Data Interpolation Method  

Either individual curves or average capillary pressure curves can be interpolated. Linear 

interpolation may be used between points at the same pressure on adjacent curves. The capillary 

pressure curves are smoothed before interpolation. The weighted averaging or linear interpolation 

of the wetting phase saturations at any particular capillary pressure is done using the equation 

given below. 

 Ὓ  
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where Swetx is the estimated wetting phase saturation of a sample of porosity ◖x at the chosen 

capillary pressure. SwetL and ◖L are wetting phase saturation and porosity of the capillary curve 

with porosity just lower than the required ◖x. Similarly, SwetH and ◖H are wetting phase saturation 

and porosity of the capillary curve with porosity just above the required ◖x.  

It is also feasible to interpolate between average capillary pressure curves that are obtained for 

various porosity classes. 

Leverett ôs J Function Method  

Leverett (1941) proposed a function to normalise capillary pressure to account for changes in 

porosity and permeability. The definition of capillary pressure can be rearranged as follows: 

ὶ ὖ

„ ὧέί —
ς 

which is equal to a constant and constitutes a dimensionless group, because the numenator and the 

denomenator are of the same units (force/area). Leverett (1941) replaced the term ñrò (pore throat 

radius) with the square root of k (permeability) because both terms have the same dimension 

(length). Because porosity (◖) is dimensionless, therefore, dividing permeability by porosity does 

not change its dimension.  
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where K is permeability to air in milli Darcy and ◖ is effective porosity. Pc is in psi, ů or 

interfacial tension is in dynes per centimetre, ɗ is interface angle in degrees, 0.21645 is a 

combined constant for oil field units. This normalisation assumes that porosity and permeability 

are closely related. The J function (Jsw) is plotted against wetting phase saturation. If porosity and 

permeability are related then, the capillary pressure data would collapse into a narrow band 

through which a regression equation can be fitted. Once a relationship between Jsw and Swet is 

derived, a capillary pressure curve can be generated from porosity and permeability data. It is 

often desireable to group porosity into classes and assign different J functions to them.  

The J function assumes a parallel capillary tube model for the rock. This is an oversimplification 

in some cases in which the J function fit can be improved by using the formation tortuosity factor 

(m) into the J function as below: 

ὐ πȢςρφτυ
ὖ
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In segregared oil columns where oil becomes progressively heavier towards the Free Water Level, 

its viscosity may increase from few centi-Poise for good oil to hundreds of centi-Poise for highly 

viscous oil. It is found that in such cases it is very useful to include water to oil viscosity ratio with 

the square-root of permeability over porosity: 
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where ɛoil and ɛwater are viscosities of oil and water at reservoir condition. Since a viscosity ratio is 

used the dimensionless nature of the J function is still preserved. 

The capillary pressure data is transformed into J-Sw space as individual data points, which are 

often grouped by porosity or ratio of permeability to porosity classes. It is then required to fit 

suitable curves to these J-Sw data clusters. The functions that are suitable to fit individual capillary 

pressure curves (described above) could also be fitted to J-Sw data. An equation similar to Lambda 

function (described above) could be fitted as follows. 

ὐ ὥ Ὓ ὦ 

It is primarily required to compute Sw from given Jsw, therefore, the equation is rearranged and Jsw 

is replaced with its constituent variables. 
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where ɟw and ɟo are densities and define the pressure gradients of water and oil in psi per foot, H is 

height above Free Water Level in feet, ů is in dynes per centimetre, K is permeability in milli 

darcy and ◖ is porosity in fractions. 
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As an alternative, a similar equation could be used in which the J parameter is treated as an 

independent, and Sw as a dependent variable. 

Ὓ Ὓ ὥ ὐ Ὓ ὥ
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An advanced exponential function (mentioned above) could also be used to fit the J-Sw data: 

Ὓ  Ὓ
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By substituting the J-function with the equation: 
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Then, the final equation will be (Fig. 2.31): 
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Figure 2.3 1. JSw versus wetting phase saturation S w for the example reservoir (see Chapter 5) in 
which capillary pressure data are converted into J space and classified into 5 units 
based on Rock Quality Index (RQI=0.0314*SQRT(K/PHIE) divided by normalized porosity 
(PHIZ). The capillary pressure data (corr ected for closure and surface corrections) are 
plotted (top graph). Five J Sw relations are defined (shown by coloured lines) and each 
relation has a low, medium and high curve (dashed left is low, solid middle in medium, 
dashed right is high). On the right , a well plot is shown in which porosity (grey curve), 
water saturation computed from resistivity (blue curve) and water saturation computed 
from middle JSw curves (red curve) are plotted against true vertical depth subsea in feet. 
The computed saturation from seven middle JSw curves (red curve) reasonably match 
resistivity computed saturation (blue curve).  
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