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Research

and

Thesis Abstract

The determination, validation and understanding, and proper use of special core

anaþsis relationships are paramount in the assessment of recovery efficiency of

petroleum reservoirs. The most reliable information, resulting in representative

relationships, such as for relative permeability and capillary pressure, may be obtained

from laboratory experiments. However, being time-consuming and expensive, the

number of core samples typically subjected to such investigations tends to be limited,

often resulting in data deficiencies and hence improper understanding of the necessary

relationships, which are essential for conducting detailed reservoir engineering and

simulation studies, with the aim of maximising the extraction of petroleum' For the

above reasons, over the past decades, the establishment of mathematical models to

predict the required properties has received considerable attention from petroleum

engineers, and is one ofthe active research areas today'

In an attempt to predict valid relationships, difficulties are primarily related to

complexity and variability of rocks, in terms of pore structure and mineralogy and

associated fundamental properties: porosity, absolute permeability, and fluid

saturation. Such variation is a function of the original deposition of grains and



subsequent alteration or diagenesis of a geological formation, most notably rock

compaction upon burial, but also other significant alteration, for example the

generation of different types of clays, filling part of the pore structure. In addition to

pore structure variation, the second complication is associated with the surface

chemistry between fluids and the varied rock grains, as well as the interaction between

fluids themselves, for example oil and water contained in the pores. Thirdly, in

conducting laboratory experiments, the precise experimental conditions may greatly

influence results obtained: pressure, temperature and the types of fluids used and their

properties, most notably fluid viscosity, flow velocity and interfacial tension.

Investigations by co-researchers and others into single-phase flow and the

identification of appropriate geological entities, or facies, representative of

(homogeneous) flow behaviour, have led to the conclusion that the Carman-Kozeny

model is ideally suited to bridge the gap between the differing views of geologists and

engineers. As this model is able to elegantly unifu the parameters for single phase flow

for the majority of petroleum rocks, the formulation was subsequently extended to two-

phase flow situations by the principal supervisor. These concepts were then utilised in

this research and further extended, and a number of new relationships were established,

which may be used to validate experimental data and relationships or predict such

relationships from more fundamental properties.

In deriving the above formulations, an extensive database was utilised, seml-

empirically fitting the data for establishing some of the relationships. In other cases the

data was used to validate new models, comparing model-generated and experimental

results. The database was created by utilising laboratory data generated by commercial

laboratories and made available by several petroleum companies, covering onshore and

vl



offshore Australian hydrocarbon basins. Both, capillary pressure and relative

permeability models were validated using this data, and the new models were

demonstrated to have excellent performance in predicting two-phase flow

relationships. In a further attempt to validate these models, comparison studies were

also conducted with well-known models used by the oil and gas industry. The Brooks

and Corey capillary pressure model was used for comparison with the newly

established capillary pressure model, and the performance of the new relative

permeability model was checked against that of the modified Brook and Corey model,

also known as the power law model.

Relative permeability and capillary pressure models depend on the primary parameters

mentioned above but are actually formulated in terms of several secondary parameters,

functions of primary parameters. As such irreducible water saturation is most

significant. If this quantity has not been measured in the laboratory, it may be

predicted. New models were established to predict irreducible water saturation, based

on an afüficial neural network approach. A semi-empirical model, based on trapping

parameters, was also investigated, resulting in an alternate formulation for irreducible

water saturation, and a universal analytical form that should be applicable to the range

of geolo gical formations.

As mentioned above, relative permeability relationships are also controlled by

wettability. For the purpose of predicting relative permeability, a new model to link the

USBM wettability index to pore structure parameters was also established by this

research. As with relative permeability, capillary pressure and ineducible water

saturation models, the model was created and validated using the Austalian database.

However, the general form of the equation would lend itself for use with any data set.

v1l



Finally, the ratio of effective (or relative) permeability endpoints may be taken as an

indictor of wettability. Equations to predict effective permeability to oil at irreducible

water saturation and effective permeability to water at residual oil saturation have been

formulated. Both equations are extensions of the Carman-Kozeny formulation.

vill
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Chapter 1

Introduction

and

Scope of Research

This chapter encompasses two aspects: Sections 1rl,1.2 and 1.3 give an introduction to

the research described in this thesis, including objectives, while Section 1.4 provides

an introduction and overview for the chapters presented in this thesis'

L. 1 Introduction to the Research Project

The research outcome and results contained in this thesis are parts of a major research

project entitled "Improved Definitions of Relative Permeability and Capillary Pressure

for Better Recovery Efficiency Prediction." The project was defined in late 2002 and

work commenced in March of 2003 at the Australian School of Petroleum (ASP), at

The University of Adelaide, Australia. The project has been financially sponsored and

technically supported by generous contributions from four major petroleum companies,

operators working in hydrocarbon exploration, development and production in

Australia and globally. The companies are: BHP Billiton, Chevron, Santos and

Woodside Energy.
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The Project involved three postgraduate researchers. In addition to the Ph.D. thesis

presented here, the project produced two Masters by research, M.Sc., theses. The first

M.Sc. thesis details enhanced work on the subject of flow unit characterization and

zonation, for a better geological description and understanding of petroleum

accumulations. The second M.Sc. thesis focussed on the issues of fluid properties and

their fundamental interactions with, and contributions to some reservoir properties, for

instance wettability, in addition to the characterization of crude assays.

Moreover, a number of conference papers and joumal articþs presenting results from

this Ph.D. thesis and the other two M.Sc. theses have been published. The papers

produced from this thesis are cited under "Publications".

The deliverables for the project, over three years, with contributions from the entire

research team, three postgraduate students and the principal supervisor, may be

itemised as follows:

1. A new mechanistic approach to predicting two-phase relative permeability,

2. A new model to predict pimary drainage capillary pressure,

3. New models to predict ineducible water saturation developed with the aid of

artificial intelligence techniques,

4. New models to predict wettability utilizing the techniques of artificial

intelligence,

5. A new approach to defining flow zone units,

6. A new formulation to predict saturation-height relationships,

2
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7. A new method to characterize crude oil samples,

8. Alternative relationships for correlating wettability,

9. A database and catalogue for relative permeability, and associated data, for

Australian ofßhore/onshore fields, and

10. User-friendly software that encompasses all the models established that are

mentioned above. .

This thesis covers details of the first four mentiod items and part of item number 8. As

stated above, all models presented in this thesis have been successfully included in the

software.

1.2 Introduction to the Thesis

Characterization of hydrocarbon reservoirs typically involves a number of laboratory

investigations to establish, among other objectives, relationships that are used in fluid

flow in porous media. In considering the multitude of such investigations, the

estimation of relative permeability and caplllary pressure has become a standard with

the oil and gas industry. They describe the concurrent flow of several fluids through a

permeable medium, such as porous rock. While laboratory techniques for measuring

such properties are considered the most reliable approach, such data is, however, often

not available in suff,rcient quantity and quality due to considerable laboratory cost and

the lack of sufficient cores. This situation, in part, provided motivation for this

research, to establish mathematical models that are capable to predict relative

permeability atd capillary pressure. Such models can be easily incorporate into

3
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reservofu simulation software used to predict the overall petroleum recovery efhciency

for hydrocarbon reservoirs.

Relative permeability prediction, and associated parameters, is currently an active

research alea) with theoretical, experimental and empirical approaches under

consideration. Experimental research results, while giving considerable insight, have

usually been limited to artificial rock or certain standard materials, such as Berea

sandstone. Theoretical attempts have shed considerable light on the difficulty of the

problem, but have fallen short of predicting reasonable results for varied pore

structures and wettability. Purely empirical methods have tended to fit specific data

sets quite well but tend to lack credibility and are not universal. Semi-empirical

methods, on the other hand, are often more acceptable and this is the approach taken by

this research investigation.

The aim of this thesis is then to provide analytical or semi-empirical prediction models

for relative permeability, capillary pressure, irreducible water saturation and

wettability. All models were validated using extensive data sets collected for

Australian hydrocarbon basins. However, in general, models are expected to be

applicable to other hydrocarbon basins, as has been verified for some cases. Objectives

and thesis structure are provided in the following two sections.

1.3 Research Objectives

The overall objective of deriving a formulation to be able to predict two-phase relative

permeability has led to the following:

1. Establishment of a modified formulation of the relative permeability power law

4
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model (modifred Brooks and Corey model),

2. Derivation of relationships associated with a new mechanistic, semi-empirical

model to predict two-phase flow, relative permeability, where the new model is

an extension of the single phase Carman-Kozeny equation,

3. Establishment of a new semi-empirical model to predict primary drainage

capillary pressure,

4. Establishment of a new formulation to predict irreducible water saturation,

based on an artificial neural network approach,

5. Alternatively, the establishment of a new, semi-empirical model to predict

irreducible water saturation,

6. Establishment of a new model for the prediction of USBM wettability,

7 . Establishment of a new, analytical equation for the determination of maximum

effective permeability to oil and to water, by modifying the Carman-Kozeny

equation, and

8. Establishment of a new formulation for the determination of ratio of relative

p erme ability endpoints, a wettability indic ator

1.4 Layout and Thesis Structure

The thesis contains seven chapters (including the current chapter). Chapter 2 presents

background and formulations related to previous investigations into capillary pressure

and relative permeability. Existing models as available in the petroleum engineering

5



Chapter l. Introduction and Scope ofResearch

literature are reviewed extensively. Laboratory techniques are also briefly discussed for

both properties.

In Chapter 3, the new model to predict capillary pressure is introduced and validated.

Some visual examples are given in this chapter, with more examples presented in

Appendix A. This chapter also gives details of a comparison study with the Brooks and

Corey model, in order to check the performance of the new model. A mathematical

attempt was also made to correlate both models.

Work on new relative permeability formulations are discussed in Chapter 4. Firstly, a

modified formulation to the existing power law model is presented. Subsequently,

ideas on extensions to a new formulation are given, based on the Carman-Kozeny

equation. Thirdly, a comparison is given between the new formulation and the

modified Brooks and Corey model (the power law model), both mathematically and

graphically.

Irreducible water saturation is a correlating parameter for both capillary pressure and

relative permeability. In Chapter 5, a number of derivations are discussed to predict

irreducible water saturation. Firstly, an artiftcial neural network approach was applied

and the model developed was compared with other conventional models. Secondly, a

semi-empirical model, based on a trapping concept, was also developed to predict

irreducible water saturation. A genetic algorithm approach was used to determine the

calibration constants of the model.

In Chapter 6, a new wettability model is introduced. The model is able to predict

USBM wettability on a field basis, using simple routine core measurements such as

porosity and permeability, as well as irreducible water saturation. In addition, the

6
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chapter introduces tw'o equations to determine endpoint, effective relative permeability

to oil and water. The Carman-Kozeny equation is used as a base to obtain both

equations.

Chapter 7 summarises ressarch results and gives conclusions about those results.

1



Chapter 2

Flow through Porous Media:

Capillary Pressure,
Relative Permeability and

\Mettability

2.1 Introduction

Flow through porous media is important in a number of research areas and

applications, not least of all in petroleum systems. Petroleum engineering

applications, involving multiphase flow in oil and gas reservoirs, is covered in this

thesis. A medium, such as reservoir rock, that is "porous" may be defined as (Dullien,

teTe):

. A substance where spaces (pores) are imbedded among the solid. Such pores

will allow fluids to share the system with the solid phase, and

. Involving a permeable network, allowing fluids to flow and not remain static.

During its life, a hydrocarbon reservoir goes through a number of production phases:

typically primary, possibly secondary (water or gas injection) and perhaps tertiary

(enhanced oil recovery). One goal is to estimate the performance of a reseryoir during
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these different stages. Such perforïnance, over the life of a field, requires a firm

understanding of a number of flow phenomena involving a large number of

parameters. These parameters may be divided into three categories: rock

characteristics, fluid properties and rock-fluid interaction. Analysis involving these

parameters is summarized in Figure 2.1. As indicated in this Figure, relative

permeability, capillary pressure and wettability (rock-fluid interaction properties) are

of major importance in considering production from oil and gas reservoirs'

From an economical point of view, Christiansen (2001) commented on the

considerable cost involved in getting some of these properties measured, tens of

thousands of dollars for a comprehensive fluid (PVT) or special core analysis study. It

should also be noted that a single experiment is not necessarily representative of an

entire reservoir.

Figure 2.1: Analysis Methods for Evaluating Hydrocarbon Reservoir Performance
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Technically, relative permeability and capillary pressure are of signif,rcance in that

they are representative of how immiscible fluids are distributed across the reservoir

and how they behave in the system under varying pressure and temperature.

Relative permeability and capillary pressure are, in turn, controlled by alarge number

of other parameters, as may be seen from Figure 2.2 (I{:uatg, et al., 1997). Relative

permeability andlor capillary pressure relationships are, plimarily, functions of

experimental pressure and temperature conditions, where "throughput" (flow rate) is

determined as a function of fluid saturation. The preference is to conduct experiments

at elevated pressure and temperature conditions, simulating reservoir conditions.

Reservoir fluids may also be preferred, although mineral oil has been used as a

standard. For aging of rocks (after cleaning), dead oil is most often used instead of

live oil. It has been found that parameters such as pore size distribution, wettability

and fluid velocity are impofiant in creating the observed range of irreducible water

saturation (S*;,), as well as residual oil saturation (S.). These latter saturations are

rock characteristics which are associated with both capillary and relative permeability

relationships.

Relative permeability and capillary pressure relationships (also known as special core

analysis, SCAL) are very important in reservoir simulation studies. For such reason,

and due to the high cost of SCAL experiments, the development of mathematical

predictive models for relative permeability and capillary pressure has received

considerable attention, as documented in the petroleum literature. This chapter deals

with such models and associated topics.

l0
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Fluid
Properties

Saturation History
(Hysteresis)

Rock
Properties

Temperature
and Pressure

sor, s,,r¡.Wettability
Pore Size

Distribution

Relative
Permeability

Gapillary
Pressure

Figure 2.2: General Overview of Parameters Influencing Relative Permeability and

Capillary Pressure: Modified after Huang, et al. (1997))

2.2 Capillary Pressure

Capillary pressure occurs when two (or more) immiscible fluids co-exist. It is defined

as the difference between the pressure in the non-wetting phase and that in the wetting

phase, across an interface. Due to the large radius, this phenomenon does not occur in

pipe flow. Ho¡ever, in porous media, two types of forces are in coexistence, the

capillary force, related to the size of a capillary (pore throat) and the buoyant force,

related to fluid densities. Theoretically, capillary pressure may be given by:

(2.r)

where o is the interfacial tension between the fluids in dynes/cm, 0 is the contact

angle, in degrees, accounting for wettability and r is the pore throat radius. For the

buoyancy pressure, equation 2.I may be given as:
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2ocos9 (2.2)Pd
,R

where R is the average radius of curvature

Equations 2.1 and 2.2 show that, in order for a non-wetting phase to displace a

wetting phase, R should be greater than r for a given pore throat. Theoretically,

equation 2.2 may be presented by Laplace's formula, as follows:

Pd =o
I1

R2
+- (2.3)

(2.4)

Rl

where Rt and R2 are the principal radii of curvature for an interface between two

immiscible fluids.

For a water-oil þetroleum) system, a more practical formulation for the buoyancy

pressure, where P" : P¿, and in terms of fluid densities ( p,, and po) may be given by:

P"=h(P.-P.)s

where the density difference is in lbm/ft', h 1i.r ft) is the height above free water

level, and g the acceleration due to gravity.

Equation 2.4 stresses the fact that, water (the denser phase) can exist above the oil-

water contact in a reservoir, which is not the case if both fluids are placed in a pipe or

alarge container.

It should be noted that the incorporation of capillary pressure in a simulation study or

any other reservoir study requires a correction. Results obtained under laboratory

conditions require translation to reservoir conditions. This may be accomplished by

12
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using the following equation:

I ( res)
(2.s)

Equation 2.5 may also be used in translating between systems using alternative fluids

Another application is capillary pressure averaging. Due to reservoir heterogeneity, a

single capillary pressure curve cannot satisfactorily describe the entire reservoir. For

this purpose, the well-known Leverett J-function (1941) (equation 2.6) was introduced

to average capillary pressure curves. As a dimensionless function, the Leverett J-

function attempts to normalize capillary pressure culves by the incorporating absolute

permeability and porosity.

./(s,)=+ff

./(,s,")=*[+

(2.6)

To account for wettability, a modified version of equation 2.6, inclttding contact angle

has also been developed (equation2.7)

(2.1)

For averaging drainage capillary plessure curyes, equation 2.6 can be used as

experiments tend to be conducted on dried and cleaned core samples that are strongly

water wet. In this case, the function is termed as "universal",lhat is for clean sand

formations. However, other previous studies (Khatib, 1995) concluded that the

function produces different correlations for different formations, indicating that the

Leverett J-function performs best when data is normalized for core plugs with

l3
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comparable pore size distribution. In other words, the function becomes inappropriate

when attempting to avefage capillary pressure data for different facies or rock types.

In an attempt to modiff the Leverett J-function, Khatib (1995) integrated his capillary

a
pressure model, which can be represented 4s P" =

(s'" - sr¡r)b
, into the Purcell

equation for absolute permeability. The final form is a function of parameters a, b,

swir and tortuosity (r) .

,r*(s'')=h kabrr

ø(t- s.,,)

More recently, Desouþ (2003) argued that determination of the optimal number of

hydraulic flow units and their corresponding flow zone unit indicator values, FZI,

should be calculated before attempting to normalize capillary pressure relationships.

He incorporatedEZl into his model, presented here as equations 2.9 and2.70.

(2.e)

where

(2.8)

(2.10)

In equations 2.9 and 2.10, ),and J* are regression parameters that correlate

normalisedwatersaturation,S*n(S,,=P)totheJ-function(equation
t uwlr

2.rr).

.¡(sr) = t* s;)ntt (2.r1)
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2.3 Laboratory Techniques for Measuring Capillary

Pressure Relationships

Capillary pressure relationships describe fluid saturation distribution across transition

zones of reservoirs. Typically, and according to saturation history, a capillary pressure

versus saturation relationship can be classified as primary drainage, imbibition or

secondary drainage. Assuming a water-oil system, a drainage experiment commences

after the core has been saturated 100 percent with appropriate brine. As capillary

pressure increases, a second fluid imbibes or is forced into the core as water drains,

with water saturation decreasing from its initial value (100%) until the ineducible

saturation is obtained. The irreducible water saturation in the lowest achievable

saturation at maximum pre-determined capillary pressure. In reality, a primary

drainage experiment mimics hydrocarbon migration into a reservoir. Such fluid

displacement can also be viewed as relative behavior of brine and hydrocarbon across

the transition zone (from the free water level to the water-oil contact). To conduct an

imbibition capillary pressure experiment, brine is first allowed to spontaneously

imbibe into the plug (spontaneous imbibition) before forced imbibition commences.

The latter is representative of forced oil production where increasing phase pressure

difference, negative capillary pressure, reaches a maximum value that defines residual

oil saturation. The third displacement cycle, secondary drainage, is conducted to

determine USBM wettability. As it is the case with imbibition experiments, secondary

capillary pressure experiments exhibit spontaneous and forced secondary drainage,

where drainage terminates when irreducible water saturation is approached.

Traditionally, capillary pressure versus saturation prof,rles are measured in the

laboratory, using representative core plugs obtained from hydrocarbon formations
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under study. Experiments are norrnally conducted under overburden conditions to

simulate behavior in the reservoir. As such, results obtained without applying an

overburden pressure should be questioned (Christiansen, 2001).

Methods to measure different capillary pressure profiles can be classified under three

headings (Christiansen, 2001), namely mercury methods, porous plate methods and

centrifuge methods. These methods are briefly outlined below.

Mercury methods: The technique was originally published and discussed by Purcell

(1949). To conduct a mercury experiment, a plug sample is evacuated. Mercury is

then injected into the plug. At a certain pressure value, the mercury volume that

entered the plug is measured as a percentage of the pore volume. The process is

repeated for different pressure values. Mercury injection is suitable for samples of

irregular shape (Christiansen, 2001). Mercury injection can also provide an

understanding of pore (throat) size, and pore (throat) size distribution. Hence, this

method is favoured for geological applications (Chales et a1., 1992). However, results

from such experiments are not reliably converted to reservoir conditions, and do not

provide realistic irreducible water saturation values due to the use of mercury and its

uncertain wettability conditions (Torsæter and Abtahi, 2003). A number of

applications for estimating absolute permeability from mercury caplllary pressure

experiments are available in the literature; see Purcell (1949), Rose and Bruce (1949),

Thomeer (1960) and Swanson (1981).

Porous plate methods: In contrast to mercury methods, two fluids, such as air-brine

(water), oil-brine (water) or gas-oil, may be chosen in porous plate experiments. To

conduct an experiment with an air-brine system, the plug is saturated with water and

placed next to a porous plate in an air filled chamber. To start the experiment, a
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pressure is applied to the air phase which allows air to enter the plug, forcing 'water

out. After reaching steady-state, water saturation inside the plug is monitored and

correlated back to the pressure difference between the two phases. The same process

is then repeated for other pressure increments until the maximum capillary pressure is

reached. Despite being time consuming, this is the preferred technique, as it tends to

give reliable results. Torsæter and Abtahi, (2003) reported up to 40 days to generate a

full curve.

Centrifuge methods: In terms of the time required to obtain a full capillary pressure

curve, centrifuge techniques occupy an intermediate position. However, law

centrifuge results require data post-processing to obtain final representative results. It

may be noted that the basic principles and considerations for centrifuge experiments

were first documented by Hassler and Brunner (1945). Centrifuge methods like

porous plate methods are able to accommodate different fluids. For an oil-brine

experiment, the plug is initially flooded with water and placed in a centrifuge cup

loaded with oil. The centrifuge is then spun at different speeds corresponding to

different pressure values. The centrifuge speed is increased successively, reaching

stead-state at the end of each step, and the experiment is terminated when no more

water is produced.

Torsæter and Abtahi, (2003) have compared the three different techniques. Their

comparison is summarized in the following table (Table 2.1):
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Table 2.I: Comparison of Different Capillary Pressure Experimental
Techniques

Technique Fluid system Saturation
History

Max. P. Test
period

comments

Mercury -Ãirl
mercury

- Primary
drainage

100 atm
Minutes

hours

- Destructive
- Unrealistic

S*i.

Porous
plate

- Gas / oil
- Gas / water
- Oil / water

- Primary
drainage

- Imbibition
- Secondary

drainage

2-5
atm

Weeks
- More

representative
- Realistic S*r

Centrifuge
- Gas / oil

- Gas / water
- Oil / water

- Primary
drainage
Imbibition
Secondary
drainage

10 atm Days

- More
representative
- Realistic S*i,

- Requires
data post-
processing

2.4 Determination of Capillary Pressure Relationships:

Mathematical Models

Capillary pressure results are most reliably obtained from experimental investigation.

However, as experiments are expensive and time consuming, experimental data tend

to be limited and often insufficient for charucterizing rocks and formations under

consideration. Furthermore, with the incorporation of capillary pressure profiles in

simulation models, the use of analytical expressions may be advantageous.

Particularly in the absence of laboratory capillary pressure data, the use of analytical

capillary models may be the only choice. Some of these models are presented in this

section.

Based on results from gas-oil capillary pressrue curves, Corey (1954) proposed his
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famous model that forms a straight line relationship between llP: and normalized

saturatlon.

p?ro
CS], (2.r2)

where P.ro is capillary pressure (in psi) in a gas-oil system, C is a constant and Sj is

the normalized oil saturation, defined as follows

1

Using mercury injection capillary pressure data, Thomeer (1960) developed a

mathematical model to estimate P" as a function of the fractional volume occupied by

mercury. The model is approximated as a hyperbola:

x S, -So"o l- so,

where

s

P"

P"d

(vu)r.

(v)r*

Fs

(2.r3)

(2.t4)tosP":ffi+bsP"¿

Assuming (rru)r_ is porosity and (V6)r" is ttre product of porosity times hydrocarbon

saturation, equation 9 can be presented in a simpler form as given in equation 2.15

: capillary pressure for mercury injection experiment

: extrapolated displacement pressure

: fractional volume occupied by mercury at P"

: fractional volume occupied by mercury at P-

: constant characterizes the shape of the P" curve (pore

geometrical factor)
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(2.rs)

where S¿ is the hydrocarbon saturation. The relationship given in equation 2.15 is

able to predict capillary pressure data. However, this equation is less satisfactory for

plugs demonstrating bimodal behavior.

Recalling Corey's model, a modified model was published by Brooks and Corey

(1966). The modified version, given by equation 2.16, uses entry pressure and pore

size distribution, which was not a feature in Corey's original model.

- F-
LogP 

" 
: 

LogG h)+ 
LogP 

"¿

Prgo:'"0*r6îli (2.t6)

where Pcd(eo) is the entry (threshold) pressure at which gas penetrates the plug

Using fractal modelling for porous media, Li (2004) was able to theoretically re-

produce Equation 2.16. Li (200a$ also commented that the Brooks and Corey model

cannot predict capillary pressrue relationships for plugs with many fractures such as

those from the Geysers geothermal field.

Thomas et al. (1968), proposed an equation that enables the estimation of entry

pressure (P<e*l) for water-gas systems:

P,d(sù =l 'llt'-Åi43 (2.17)

Christiansen (2001) commented that the equation can be applicable for any fluid

system considering interfacial tension values. He stated the following conversion

equation for gas-oil systems:
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Pcd(go) - 
69o

P"d(s*)
õg*

: Entry pressure (gas - oil)

: Entry pressure (gut - water)

: Interfacial tension (gas - oil )

: Interfacial tension (gas - water)

: Absolute permeability

a so 7 .3j k:9'43
T2dynes I cm' 

'" ''-aD't

where

P"a 1go¡

Pcd (gw)

ogo

6g*

kub"

(2.18)

(2.re)

Further commenting on the Thomeer model, equation 2.74 can be re-arranged and

presented in a similar form to the Brooks and Corey model (equation 2.16):

where ^S¡¡"is mercury saturation ands¡¡r-is the mercury saturation at infinite

capillary pressure. It should be noted that, both parameters 2 (in Brooks and Corey

model, equation 2.16) and F" (in Thomeer's model, equation 2.19) are attempting to

quantify degree of heterogeneity. Differences between these models are:

1. Definition of saturation, where the Brooks and Corey model uses a normalized

saturation, and

2. The use of different pairs of fluids.

Before proceeding with presentation of further capillary pressure models, originating

from equations2.lT and2.I8, other equations for entry pressure reported in literature

may be mentioned. In his model, Swanson (1981) employed a specific point on the

2t



Chapter 2. Flow Through Porous Media: Capillary Pressure, Relative Permeability and Wettability

capillary pressure curve to estimate absolute permeability. Graphically, this point is

shown in Figure 2.3. Known as point A, Swanson's model for permeability can be

presented as follows (for clean sands and carbonate formations):
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r=
o
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toti
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Þ
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Figure 2.3: Graphical Representation Showing Swanson's Point (Point A): after

Hawkins, et al. (1993)

ko6, =35
(t - s,), 005

(2.20)
P"A

Hawkins, et al. (1993) stated that knowledge of water saturation and capillary

pressure at point A can lead to the prediction of entry pressure as in equatioî2.21.

PcrÌ = PcA (2.2t)

Moreover, they proposed an analytical form that correlates absolute permeability and

'I t'

(r - s,),
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Pcd : (2.22)

where Cr and C2 are constants. Examples of equation 2.22 are given in Equations

2.23 and2.24

cr

11Ê,ø

LnPr¿= 5.458 -,1.255Ln ^@Ïø

porosrty to entry pressure:

r; = fr +þr)"1"

(2.24)

Also, in another approach, Pç¿ 'was correlated as a function of the reservoir quality

index (permeability and porosity) resulting in equation2.25:

(2.23)

2

+ 0.08 Ln (2.2s)

Returning to capillary pressure models, it is well known that the Brooks and Corey

model performs best for consolidated rocks. However, it has been found that the

model can work for some samples and fail for other samples, even if retrieved from

the same reservoir (Li,2004).In case of unconsolidated samples, the model proposed

by Van Genuchten (1930) was found to capture the capillary pressure profile more

effectively (equation 2.26).

kob,

ø

ZJ

(2.26)



Chapter 2. Flow Through Porous Media: Capillary Pressure, Relative Permeability and Wettability

where a,ÍLaîdC are plug constants and Sl, - S'- Stí'
| - S.¡,

Skelt and Harrison (1995) proposed a general function that relates hydrocarbon

saturation (S¡) to the height above the free water level (h). Their function contains

four constants; a, b, c and d:

sh=t-s, = ,*r(*)"

S,,, =1-S, = ""-o(r-o-L)

In terms of capillary pressure, equation 2.27 canbe presented as follows

(2.27)

(2.2e)

(2.28)

In 1998, Jing and'Wunnik proposed a model that was found to work for different pore

structures for a wide range of rock/fluid systems. The equation for the drainage cycle

IS,

d
S. - Sri, )'."]

where P"0 is a scaling factor, "d" deftnes the curvaturÊ, "tr" is the asymmetry shape

factor (can be set to 2 in most cases) and"t'defines the entry pressure.

Also, the authors proposed another function for the estimation of imbibition capillary

pressure, with the same group of constants stated above:

* =""'[[ 
)'."]
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Another formula, accounting for water-oil drainage capillary pressure, was introduced

by Bentsen and Anli (1976). This formula adopts the same philosophy of using

normalized saturation together with pressure parameters.

P"or=P"d-Pn
S, - S-i,
| - S-¡,

(2.31)

For this equation, the followingparameters are defined.

P"o* : capillary pressure for water-oil system

: entry (threshold pressure)

: normalized imbibition water saturation

: water saturation

: irreducible water saturation

P.¿

P".

^Slt

sri,

Table 2.2 shows values of S*;,, Pç¡ and P", for six samples with different ranges of

porosity and permeability (Bentsen and Anl|1977; Christiansen, 2001).

Apart from equation 2.30, all models noted above are intended to estimate drainage

capillary pressure. Li and Horne (2001) studied imbibition capillary pressure for

steam-water systems and developed the following formula:

P" = P"^l- tî,*uY (2.32)
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Sample Porosity (%) Permeability (nd) S*r. (7o) P"t (psi) P., (psi)

SI 21.5 253 26.8 0.894 t.024

S2 22.3 255 36.9 1.090 0.654

S3 23.7 429 30.0 0.776 0.547

S4 19.5 t45 29.6 1 03 1 0.681

S5 19.8 400 28.s 0.282 0.349

S6 15.6 30 55.7 2.0t9 0.291

Table 2.2: Different Cases Applied to Equation 2.31

where

*
Swimb =

- S-i,sw

P"^

c

(2.33)

and

1-^S.;, -Sr"

maximum P" at irreducible water saturation (from Drainage)

: fitting constant

: normalized imbibition water saturation
Si,,*u

^tw
water saturatron

S*i, : irreducible water saturation

S,, residual steam saturation

Later,Li (2004a)used a fractal modelling technique to modi$ the model presented by

equation 2.22by adding a constant "b"'

P" -- P"- (2.34)

The constant can be expressed as a function of both entry pressure and maximum

('- u';fi
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capillary pressure.

b =l- (2.3s)

In equations 2.34 arld2.35,l,: 3 - D¿ where D¡is a fractal dimension which, as I in

Corey's model, and Fs in Thomeer's model, accounts for the heterogeneity of rocks.

Jing and Wunnik (1998) developed an empirical model to develop a capillary pressure

relationships for different saturation paths; primary drainage, imbibition and

secondary drainage. The model incorporates six constants with different values for

different saturation paths :

cl C +ce (2.36)
c3 csP"=Po-Pr=

As an example for a case where S*i. : 20o/o and So, : 30olo is given in the following

table (Christiansen, 2001):

Table 2.3: Values for Constants in Equation2.36, for Different Saturation History

Wu (2004), presented two capillary models. The first model is a modification of

Thomeer's model and is used to generate continuous mercury injection capillary

pressure profiles. The mathematical formula for this model is given as:

Saturation path Cr Cz C¡ Cq Cs Co Sr"¡r So.

Primary Drainage 1.0 0.5 1.0 0.05 0.5 2.0 0.2 0.0

Imbibition 1.0 0.5 1.0 0.01 1.0 - 4.0 0.2 0.3

Secondary Drainage 1.0 3.0 t.2 10-Ó 0.2 5.9 0.2 0.3
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LogP" = + LogP"¿ (2.37)
1- S,
I- S.¡,

In his second model, the relationship proposed by Bentsen and Anli (1976) (see

equation 2.31), is modified by incorporating some rock and fluid properties'

þ (2.38)

(2.3e)

P"=Pcd+ocose
kob,

where p is a shape factor that determines the degree of curvature for a capillary

pressure relationship. Values for p can vary within the range 1 - 3. Equation 2'38

was tested using different plugs with different lithological attributes and from

different laboratory techniques, and was found to provide a good fit to experimental

capillary pressure curves (Wu, 2004).

A1l models reported above are semi-empirical, making use of laboratory data. As an

alternative, Faruk, et al. (1999) used theoretical, thermodynamic principles for the

development of their capillary pressure and relative permeability models. For

capillary pressure, their model can be presented as a function of interfacial tension,

bulk volume, contact areas and saturation. Porosity and contact angle are also

considered as correlating parameters.
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where,

: Interfacial tension

Bulk volume

Porosity

Interfacial area between fluids

Fluid saturation

A¡-,o,k : Interfacial area between fluid and surface

o

Vo

ø

A

^t

2.5 Definition of Relative Permeability

Darcy's law determines the flow of fluids in porous media as a function of fluid

properties, medium properties, geometry and pressure gradient. For incompressible

fluids and neglecting gravity (horizontal system), Darcy's equation may be written as

follows:

u=-o(+l(i) (2.40)

/. \
medium analbø | i, th" phase mobility. The phase mobility is the ratio of medium

lt')

Where A is cross sectional area, L is length, AP is pressure difference across the

(rock) permeability (k"¡,) and the fluid viscosity (t). Single phase, absolute

permeability is independent of the fype of fluid that flows and as such is a

characteristic of the rock under consideration. This fact can also be seen from the

Carman-Kozeny eqtation, where permeability is only correlated to rock microscopic

and macroscopic properties:
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(2.4t)

is obtained,

where,

kub, : absolute permeability (t -')

ø" : effective porosity

F : shape factor (2for cylinders)

r : torluosity

S*u : surface area per unit grain volume in (pm t)

If permeability is measured using different fluids, the same value

provided:

1. Permeability is measured with the rock being 100% saturated with the same

fluid,

2. Fluids are incompressible or if gas has been used, Klinkenberg correction has

been applied,

3. Conditions of overburden pressure and temperature are fixed,

4. Fluids are injected in the same direction as permeability is a directional

property, and

5. The same plug (same porosity and pore geometry) is used.

Equation 2.40 and2.47 are applicable to single phase flow phenomena. However, this

situation very seldom prevails in the case of petroleum reservoirs, where the flow of

one phase usually occurs with the presence of at least one other phase. With changing

fluid saturation, absolute permeability does not sufhce to describe phase mobility.
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Effective permeability is the propefi that is used to measure the ease with which a

particular fluid flows in the presence of another fluid. Consequently, relative

permeability may be defined as the ratio of effective permeability (variable) to

absolute permeability (constant). For describing this situation, equation 2.40 may be

modified and re-written as follows.

,,=^(Ðt?) =^(ryï?) (2.42)

where

kub, : absolute permeability (t *t)

k¡ : effective permeability to phase (md)

k¡ : relative permeability to phase (dimensionless)

A : sample cross sectional area

L : sample length

AP.i : pressure difference in the phase (psi)

Unlike single phase problems, other characteristics such as capillary pressure and

wettability come into play when studying two-phase flow. Experience over the years

has shown that oil reservoirs have a wide spectrum of wetting characteristic. It

became very apparent that oil reservoirs could be slightly oil-wet or even significantly

oil-wet, and not necessarily (strongly) water-wet as thought in the past. This fact has

led to the recognition that, in order to obtain representative relative permeability

results, tests had to be conducted either on natural state cores or aged cores, re-

establishing the original wettability. For further detail, see the Section 2.8,

Wettability.
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2.6 Laboratory Techniques for Measuring Relative

Permeability

The petroleum literature contains a wealth of information related to different

laboratory techniques used to measure relative permeability. Appropriate summaries

may be found in references such as Bear (1971) and Scheidegget (1974), who

referenced material dating back to the 1930's and 1940's (Rose, 1992)' Broadly

speaking and, based on whether a state of equilibrium is required or not, laboratory

techniques for measuring relative permeability can be classified undel two main

categories, steady-state and unsteady state. Steady-state methods tend to provide

reliable results and calculation of relative permeability from experimental data is

straightforward (using equation 2.42). However, they are time consuming (state of

equilibrium is required) and demanding more sophisticated equipment. Unsteady state

methods (also known as displacement methods), on the other hand, require

considerably less time, and hence expense, and are more commonly employed. In

some sense, they may also be viewed as being more representative of reservoir flow.

On the other hand, determination of relative permeability from unsteady state methods

(production data) is not direct and requires post-processing (sometimes Buckley-

Leverett theory is used) in order to generate final relationships, resulting in greater

uncertainty (Donaldson , et al, 1985).

Steady-state methods: All methods under this heading are common ln a sense that

they require a series of experiments at different injection rates (fractional flow). At

each individual injection rate, pressure drop and saturation values are not recorded

until a steady state is reached. Subsequently, the fractional flow is increased and
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another set of readings is recorded as a new equilibrium is established. Depending on

sample porosity, permeability and time required to reach steady-state, each series of

flows may take few hours to several days. Methods such as the Hassler method (or

uniform-capillary pressure method), multiple-core method (known as the Penn-State

method), the high rate method and the stationary-liquid method are all considered

steady state methods (Donaldson, et al., 1985; Honarpour, et a1., 1986; Christiansen,

2001). Experimental conditions are similar for these laboratory techniques. However,

they may differ, to some degree, in the way they are implemented. For example, in the

Penn-State method, a core plug is inserted between two other samples in order to

minimize the capillary end effect. Measurements are taken on the middle plug. The

Hassler method is appropriate for situations where plugs are strongly wetted by one of

the fluids (Honarpour, et a1.). In this method, the pressure gradient in both phases and

capillary pressure are kept uniform (Christiansen, 2001). The stationary fluid method

is suitable for measuring relative permeability for a highly mobile fluid (i.e. gas) with

the saturation of the other phase (liquid) kept stationary (Christiansen, 2001). The

process could then be reversed and relative permeability to the liquid may be obtained

(Donaldson, et al., 1985).

Unsteady state methods: For an unsteady state experiment, a single fluid is injected

at either constant rate or constant inlet pressure. Fluid saturations and corresponding

transient pressure drop are recorded. Christiansen (2001) reported three alternative

unsteady state methods, high rate method, low rate method, and centrifuge method. In

less than an hour, an experiment may be completed. However, determination of

relative permeability is not direct and data post-processing is required. Leverett

(lg4I) introduced the principle of fractional flow, which may be used in interpreting

production data form unsteady state methods'

-r -J
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Jw2 -

r* ko

Qt þo (2.43)

t* lqtv
k* þo

where

f*, : fractional flow of water at the outlet

qt : total flow

0 : angle between direction x and horizontal

Ap : density difference between water and oil

Sw(ave) -Sr: -fozQ- (2.44)

where

Sw(ave) : aveÍage water saturation at the outlet

Q* : cumulative water injected

f", : fractional flow of oil at the outlet

S*z : water saturation at the outlet

J.2 and Sy¡2 âre slope and intercept of the line that characterizes the relationship

between Q* and Sw(ave). fo2 caî be then related to relative permeabilities and the ratio

of viscosities (Donaldson, et al., 1985; Hona{pour, et al., 1986).

kro

(+ -gnpsi,,dl
\dx )

Welge (1952) modified this formulation by taking 0 as zero and neglecting P":

kwr
kro lto
kr* þw

/'_Jo2-
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The concern now is whether both techniques give identical (or equivalent) results.

Comparable results were found in Johnson et al. (1959), Schneider and Owens (1970)

and Declaud (1972). The same conclusions were made by Loomis and Crowell (1962)

for some core plugs, while for other plugs significant difference were observed

(Donaldson, et al., 1985). Similar residual oil saturation values were obtained from

steady-state and unsteady state experiments using water-wet samples. However, oil

relative permeability values from unsteady state were lower than values from steady

state experiments.

Due to its simplicity and speed, unsteady state methods appear to be a preference in

many commercial situations (Honarpour, 1986; Dullien 1992). Most recently,

Christiansen (2001) reviewed published literature concerned with laboratory

techniques for measuring relative permeability, over the period 1930 to 1993, and

found that high-rate, unsteady state methods were reported most frequently.

Regarding steady-state techniques, results from high-rate methods were most

frequently used, followed by multiple core methods using a stack of up to four core

plugs. Uniform-capillary pressure methods were used the least.

2.7 l)etermination of Relative Permeabitify

Relationships : Mathematical Models

As laboratory techniques are costly, labor intensive and complicated, mathematical

models have been used as an alternative method to determine relative permeability.

One of the main advantages of these models is that they provide a mathematical

correlation between relative permeability, and rock and fluid properties. Such models

may also be used easily in conjunction with reservoir simulation models.
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Overall, relative permeability models may be classif,red according to four main

categories (Hounarpor et al., 1986). Each category covers a collection of models that

has unique and common assumptions. Briefly, these models are:

1. Capillary models

Capillary models resemble a porous medium as a group of capillary tubes with

different radii. They also assume that the fluids flow in a route longer than the tube

length. As they ignore the connection between pores, capillary models. do not provide

realistic results.

2. Statisticsl models

As for the previous class, statistical models mimic the pore size distribution of a

natural porous medium by establishing a bundle of capillary pressure tubes with

different radii. Moreover, this class models pore necks by introducing a thinner radius

over a certain part of each individual tube. The results from this group of models may

be questioned, as they disregard the connection between pores.

3. Network models

Network models are more realistic in describing porous media as they consider the

connection between pores. However, their applicability is tedious, as each porous

medium requires a separate and unique network to be developed before studying a

multiphase flow problem.
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4. Empiricøl models

Empirical models are, relatively, the most successful in dealing with relative

permeability. In general, these models try to establish empirical correlations between

relative permeability and other core and fluid properties. The merit of empirical

models is the implementation of a huge experimental database in their development.

For further details, the reader is referred to Saraf and McCaffery (1985) and

Hounarpor et al. (1986). Furthermore, these models have two sub-categories, purely

empirical models which typically result in no-physical expressions with many fitting

constants that are highly dependent on the specif,rc data base used in their

establishment, and semi-empirical models, which are pafüalIy based on groups of

parameters that have theoretical arguments. It is this latter group that finds, perhaps,

greater acceptance.

Then there is the aspect of the tools used in deriving empirical models, that is, the

method of correlation used. For example, artificial neural networks were used

extensively (as shown below) in the determination of relative permeability

relationships. However, the fact that neural network models, being data-driven,

attempt to extract relationships from data provided without a priori knowledge of the

underlying functional form may set them apart as an independent category, distinct

from conventional empirical models.

2.7.1From Burdine's Model to the Modified Brooks and Corey

Model

Burdine (1953) applied the concept of hydraulic radius, originally introduced by

Kozeny (1927) and Carman (1937), to develop his relative permeability model for
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gas-oil systems. He approximated the tortuosity factor as a function of fluid

saturations. The final form of Burdine's model is a function of fluid saturation and

capillary pressure.

o

0
P:

o

(2.46)

(2.47)

0

dS

P:

1

J
.S,

o
2

): ,s o"
Pr"

So - So,,

S,, - So,

P:
k,s : 1

dS
I

J
0

o

P:

where

So: Oil saturation

Surr Residual oil saturation

S-: Oil saturation at which gas tortuosity is infinite

P": CapiIlary pressure

Based on the results generated by abundant laboratory capillary pressure

measurements, Corey (1954) introduced an approximation for the integral part in

Burdine's model. Corey discovered that the term (1/P"2) is closely related to the

normalized oil saturation through the following linear relationship:
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where c is a constant and Sn" is the normalized oil saturation:

'S -^Ss
1-S

(2.4e)
or

Corey's equations for oil and gas relative permeability respectively, can be expressed

âS,

k,o:(s,")' (2.s0)

o or
oe

kn -(!-s.")'í-8") (2.sr)

Corey tested the model against a number of different reseryoir situations from which

he concluded that the validity of the equations is not representative for core plugs with

stratification, large solution channels or large quantities of cementing material (Corey,

tes4).

Brooks and Corey (1964,1966) further questioned the validity and uniqueness of the

linear relationship expressed in equation 2.48. They argued that it is not valid for all

pore structures, as the capillary pressure function is not unique for all plugs, as had

earlier been implied by Corey, but rather depends on permeability and saturation,

which vary from plug to plug.

Based on observations from experimental data, they introduced two parameters to

generalize equation 2.48; apore size distribution index 1,, and the minimum capillary

pressure at which the non-wetting phase starts to displace the wetting phase in the

drainage cycle, P.¿, where
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(2.s2)

Integrating equation 2.52 in Burdine's model results in the following Brooks and

Corey model:

so":('/r")^

2+31

)^sk ( (2.s3)

(2.s4)

t\

2+l
Ik,n* : (t - s" )' 1-Se

In this formulation, k,* is the wetting phase relative permeability (oil) and k.'* is the

non-wetting phase relative permeability (gas.) To note, for X : 2, the Brooks and

Corey model is reduced to the original Corey model.

Although Corey's original model and the above mentioned Brooks and Corey model

appear to have some theoretical foundation, the most utilized model by the petroleum

industry is the so called moditied Brooks and Corey (MBC) model (Lake, 1989;

Embid, 1997; Alpak, et a1., 1999) or the power law model (Lake, 1989). The model is

explicitly a function of relative permeability endpoints, i.e. endpoint relative

permeability to oil at irreducible water saturation, and endpoint relative permeability

to water at residual oil saturation.

For valid relative permeability measurements, a linear relationship between

normalized phase saturation and its normalized relative permeability is defined on a

log-log plot. The MBC model may be expressed as:
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kro:k'ro(Son)no:k'ro

kr.:kr.(S*n)n* =
S.-S*¡,

7- Sr¡r- So,

nw

(2.ss)

(2.s6)

where,

k'.or Oil relative permeability normalized to absolute plug air permeability

k.*: Water relative permeability normalized to absolute plug air permeability

k.o i Endpoint relative penneability to oil rormalized to absolute plug air

permeability

k*: Endpoint relative permeability to water normalized to absolute plug air

permeability

Sonr Normalized oil saturation

S*nr Normalized water Saturation

S*: Water saturation

S*irr Irreduciblewatersaturation

So.r Residual oil saturation

rìoi Corey exponent to oil

nwr Corey exponent to Water

The model is known to be applicable for water-oil and gas-oil systems.

One of the applications of the MBC model is to smooth, modi$u and extend an

existing relative permeability relationship. Another application of the model is to give

rules of thumb guidelines to qualitatively determine the rock sample wettability,
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perhaps the most influential parameter, apart from saturation itself, affecting the shape

of relative permeability curves (Stiles and Hutfilz,1992).

However, the MBC model demonstrates and suffers from a number of shortcomings.

These shortcomings can be summarized as follows:

1. The model is a direct function of the endpoints, and as such biased towards

endpoint data and is less influenced by the remaining data, and as such fails to

properly validate a particular relative permeability data set.

2. In case one oI both endpoints are not available, the model fails to work.

3. The model cannot predict a relative permeability relationship, rather it is

intended to smooth and extend an existing relationship.

2.7.2 Relative Permeability: A Variety of Prediction Models

Several researchers have studied relative permeability with the view of developing

mathematical models, and most applied the assumption that porous media consists of

a number of capillary tubes so that the application of Darcy's law (equation 2.40) and

the Carman-Kozeny equation (2.41) is a possibility (Hounarpor et al., 1986). The use

of capillary pressure in some relative permeability prediction models has also been

recorded in the petroleum literature (Hounarpor et al., 1986; Li and Horne, 2002a).

The equation that correlates absolute permeability to capillary pressure was first

developed by Purcell (1949).
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(ø cos á

2
(2.s7)

Relative permeability models date back to the 1950's when Gates,Lietz (1950) used

Purcell's equation with the definition of relative permeability in devising their model

(equation 2.58).

dS

P

ø '! 

*+
kabs

2

sr,

J
0

dS

P

ck rv,t (2.s8)

Fatt and Dykstra (1951) introduced tortuosity as a function of capillary pressure. They

modified Gates andLietz model as shown in equation 2.59.

dS

P:

1

J
0

2
c

S,,

J
0

l+b
k rwt (2.se)

where b is a material constant (Hounarpor et al., 1986) and k,*¡ is the wetting phase

relative permeability. For b : 0.5, equation 2.59 canbe reduced to the following form.

rwlk l, 
dS

le
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Studying gas-oil relative permeability, 'Wyllie, Sprangler (1952) were able to

introduce the following form in the absence of irreducible water saturation.

,So

I- S.¡, (2.6r)

2

krt=(
'!?

'!#

o,r:(r- 
)'(,-r.,)

krr (2.62)

where S. indicates the lowest oil saturation at which gas becomes discontinues.

Burdine (1953) introduced a similar form to equation 2.61 and 2.62 (see equations

2.46 and 2.47). Corey introduced his model (reported here as in equations 2.48

through 2.51) for the case where irreducible water saturation is zero. In case the

existence of irreducible water saturation is considered, Corey's model may be

presented as follows:

(2.63)kro
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Equations 2.63 and2.64 canbe correlated as follows

kro krg
1+

d.

-rsû Y

(2.6s)

(2.66)

and for equations 2.50 and2.5L,

where S,, : (1 - ss" ) and S* :
(

^Yo

S*i,

Modifying their model, Wyllie and Gardner (1958) introduced another pair of

equations to study relative permeability in the existence of irreducible water

saturaûon.

(2.67)kr-r:( 
)'

1

,T
dS

P?

w

^S¿t-_nrnwt - (2.68)

where k¡q¡¡ and k,,'y¿¡ itr€ relative permeability to wetting phase and non-wetting

phase, respectively, and S¡ is total liquid saturation'
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In case of water-oil systems, the above equations may be re-'written as follows

(Hounarpor et al., 1986):

kr*,
S* - Sr¡,
l- Sr¡,

(2.6e)

dS

P:

1

J
,s.

2

w

krnwt (2.70)

Moreover, Wyllie and Gardner (1958) recommended determination of water relative

permeability from oil relative permeability values through the following equation:

(2.7t)

where

s
S, - Sr¡,*

w l- sr¡,
(2.72)

Another form was proposed by V/ahl, et al. (1958). However, the model does not

predict relative permeability for gas and oil, but estimates the ratio of gas relative

permeability to oil relative permeability.
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? : ,// (o.o43s + o.ass6 y) (2.73)

(2.74)

(2.7s)

(2.76)

(2.77)

v/

where

where

k,r -( 
- t-l(t - s-')

t+" - b.f

Similarly to equation 2.73 and, based on the relationship proposed by Corey (1954)

(equation 2.48), Torcaso and ÌVyllie (1958) published the following relationship:

1. s
s o

w l- S*¡,

A group of equations for both systems, gas-oil and water-oil, were proposed for

unconsolidated and cemented sandstone formations (Frick, 1962; Howarpor et al.,

1986). Equations as reported in Hounarpor et al. (1986) are:

1. unconsolidated sand, well sorted

Gas-oil system:

0", = b-l

(' I:ß

krs : -^S
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'Water-oil:

k,. = 6; I

2. unconsolidated sand, poorþ sorted

Gas-oil:

k,o =l-s;l

=(r-r-)'(t-t-")

:(r-

=t-r.lt-s.')

(2.te)

(2.80)

(2.81)

(2.83)

I

I

T

kro:(t-l 
t

krg

kro

3. Cemented sandstone

Gas-oil

k,* =6;l t

krg
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Water-oil:

k,. =6; I
For a gas-oil system, S. is given by:

^t,<

k,o:t-$f (r-rf )

)'")'

(2.87)

(2.88)

(2.8e)

(2.er)

(2.e2)

s o

l- S-¡,

while for a water-oil system, S** is given by:

(2.e0)

Pirson (1958) introduced models for relative permeability using petrophysical data.

He introduced two models for drainage and imbibition relative permeability cycles.

For the drainage cycle in water-wet samples,

krwt =(r;l 
t(s,)'

=(t-tî,krnwt
Ro

Rt
1- 

^S

40.25

w

where k*¡ is the wetting phase relative permeability, k n*, is the non-wetting phase

relative permeability, Ro is the resistivity of the formation saturated with 100% brine
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and Rt is the total resistivity of the formation.

Equations for the imbibition cycle in a water-wet sample were noted as,

krwt :b;l'[
1.15

2

(2.e3)

(2.e4)

(2.e6)

(2.e7)

t-hrnwt =['
S, - Sri,

7- S.i, - Snwt

where

,S
* Sn, - Swí,
w l- s-¡,

(2.95)

He also reported the following equations to determine relative permeability for an oil-

wet sample. For both drainage and imbibition cycles, the wetting phase relative

permeability is,

krwt :(sr" )o't (s, )'

and for the non-wetting phase, equations were given as follows

For the drainage cycle

= (t - r,")(tkrnwt - si:s5o s I

and for the imbibition cycle:

rnwt
_(
-|,.

2

k
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where

(2.ee)

In equation 2.98, S*t represents trapped water saturation

For water-gas systems, the following model was proposed, using petrophysical

parameters (Boatman 1 961):

Ro

Rt)"I

k,s =(r-r#"r$t)

75

krr:þ

s

where

* S, - S.i,
w - l- sr¡,

,C

w (2.100)

(2.101)

(2.t02)

(2.103)

(2.r04)

Another model for a water-oil system was found in Jones (1966), as follows:

Or, =ß;Y

2

kro =

*
where Snu is def,rned as in equation2.l02
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General expressions for relative permeability determination were proposed by

Chierici (1984). As in the modified Brooks and Corey model, Chierici's models are a

function of relative permeability endpoints.

For water-oil systems

krw=k 'r.n*o\- 
%S;?,,^)

kro qS#n

For gas-oil systems

ro - "sSiru,

(2.10s)

(2.t06)

(2.t07)k

k (2.108)

Hounarpor (1980) and Hournapour et al. (1982) published some empirical models for

water-oil and gas-oil systems using stepwise linear regression. Their database was

based on laboratory results measured at room temperature and atmospheric pressure,

with a permeability range of 4-4000 md. 'Wettability was defined by comparing water-

oil relative perrneability and gas-oil relative permeability for a sample.

More recently, Ibrahim and Koederitz (2000) and Ibrahim and Koederitz (2001)

utilized SPE published data for the period 1950-1998, together with data from

companies and individuals, to create multiple linear regression models for both steady

and unsteady state experiments. Instead of using the original results, they employed

/o,b
: tro(- 

", 
S;1')
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the data in its normalized form for water-oil, gas-oil, water-gas and gas-condensate.

Wettability was studied by checking the data sets against Craig's rule.

More recently, a new group of models has been added, complementing the above-

mentioned four categories, where the application of Altificial Neural Networks

(AI.IN) to predict relative permeability has been employed in a novel way. An initial

attempt to predict endpoint relative permeability was conducted by Kalam et al

(1997). A database of 28 cases was used to train the ANN system and to predict k.o at

S*", k,- at Sor, as well as the crossing point, for heterogeneous limestones. The latter

is a qualitative measure of wettability. They used irreducible water saturation and

residual oil saturation from resistivity logs as model input.

A second attempt using ANN was made by Guler (i999) and Guler et al. (1999a).

Their study focused on investigating and building ANN models to predict water-oil

relative permeability relationships using data from the literature. They developed a

number of stages with different combinations of rock properties, fluid properties and

functional and mathematical links as input parameters. Slipngamlers et al (2002)

extended the methodology established by Guler to predict two-phase gas-oil relative

permeability (Silpngarmlers, 2002; Silpngarmlers et al., 2002) and three-phase

relative permeability (Silpngarmlers,2002; Silpngarmlers and Ertekin, 2002).

Recalling Corey's model, shown here as in equations 2.63 and 2.64, Mulyadi, et al.

(2001) introduced a ne\M modified version for Corey's equations in their study. Their

model can be shown as follows:

kro (2.10e)
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krg : 1
S, - S*i,

l-s*¡r-ssr

b

(2.110)

(2.111)

(2.1t2)

(2.rr4)

(2.tts)

size distributions

They also published another model to study relative permeability in water-gas

reservoirs (Mulyadi, et al., 2001; Mulyadi, 2002; Mulyadi, et al., 2002a). The model

takes the following form.

where s*:lq''aqtÛ1, sg is residual gas saturation and a, b and c are functions of pore
I l-{"¡',/'

b'

krr 1

where,

a' : -0.045sLrdkabs) -to.s+ry2 +rc.26þp!'0326 (2.t13)

a' : -9x l0-5 (lr"u) - g.ß4ø2 + 1.67 58þ + 3.077 g

b': -72.0925?r¡, + ^Swrr(38.0845 - 0.ßa3Ln(k"u))*0.0098ø -2.6332

c':1.20287 bt-o'8117
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In the above formulations (2.113 to 2.116), the following nomenclature may be

defined.

interfacial tension (gas/water) in dynes/cm

gas density in glcc

absolute permeability in md

pofosity

u' , z' , b' and c': correlation Parametefs

Most recently, a semi-empirical model to predict relative permeability was established

(Behrenbruch, 2003-6). In principle, the model can be considered as an extension of

the Carman-Kozeny equation. In other words, parameters like reservoir quality index

(RQÐ and porosity group (PG) were re-defined to study two-phase problems. It was

found that with the extended definitions of RQI and PG, relative permeability

relationships take on the form of a straight line when plotted in the two-phase

Carman-Kozeny space. In the final fotm, the model may be shown as follows:

2

ø

'Slv
Swi,

l-ó"s* l-þ"sr¡, (2.rr7)

(2.1 18)_rctaml ÊQ- s,)
ka

1- S}t, So,

t'kro t- ø"(r- snu) t- ú"so,

In the above equations, m* and mo are the slopes of the linear relationships in the

Carman-Ko zeny sp ace, repre senting wettability.

The validity of the model was tested by Behrenbruch (2006) using a large number of

data sets from Australian fields. Two examples are given below. (It should be noted
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that the discrepancy shown in the oil relative permeability curve between the

measured and predicted values is believed to be due to experimental shorlcomings, as

substantiated by the service laboratory performing the analysis.)

1.0

0.9

0.8

0.7

0.6

-'0.5
0.4

0.3

0.2

0.1

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0,7 0.8 0.9 1.0

s*

k,o (measured)

k* (measured)

k," (predicted)

k* (predicted)

k.o. = 5.07 md

l= 15.1o/o

Sr,, = 45.1%

ko =2'72md

So, = 14.1%

I
O

I

Figure 2.4: Measured versus Predicted Relative Permeability
Curve - Sample A

Figure 2.5: Measured versus Predicted Relative Permeability
Curve - Sample B
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2.8 Wettabitity

The validation of many core-derived, experimental results requires knowledge of

wettability and, for acøxate petroleum recovery calculations, representative reseruoir

wettability has to be properly incorporated. It is then important that plugs used in

(flooding) experiments are characterized in terms of wettability. One way to achieve

this objective is to conduct experiments using native plugs, assuming that original

reseryoir wettability has been preserved. However, it has been recognized that coring

fluids and core handling techniques may alter the original wettability of a formation.

Oil-based mud, depending on the degree of invasion during coring, may change the

wettability of a significantpart of the whole core and for this reason water-based mud

is preferable when drilling a well, if core analysis is critical. Also, wettability may be

altered if the core is exposed to oxygen (Grant and Anderson, 1988). Hence, the

original reservoir wettability has to be re-established in the laboratory by aging the

core, as fuilher described below. Cores also require proper preservation. Immediately

upon reaching the surface, cores need to be wrapped to ensure that light-sensitive and

heavier components are secured from loss due to oxidation. Wendel et al., (1987) and

Auman (1986) reported and evaluated some of the available preservation techniques.

Moreover, it is recommended that cores should be re-preserved for further storage.

If original wettability is changed due to any failure in coring and preserving

approaches, a procedure to restore wettability should be considered. The essential

procedure consists ofthree steps:

Core plugs should be cleaned and dried (preferably dew-point method) in

order to remove all fluids and polar components that may be adsorbed on

the rock surface. This step usually results in strongly water-wet plugs.

Firstly
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Secondly: Plugs are saturated with synthetic formation brine and then displaced by

reservoir crude oil to simulate the inflow of oil in the reservoir (first

drainage of water).

Thirdly Plugs are aged at reservoir temperature for a sufficiently long period (with

reservoir crude oil in place), with the aim to reach equilibrium and to

adsorb the original components on the rock surface. Commercial

laboratories suggest an ageing period ofup to several hundred hours (up to

1000 hours where the reservoir is believed to be strongly oil-wet).

However, other researches have established the original wettability with

shorler periods, 145 hours (Wendel, 1987) or even less (Salathiel, 1973),

largely dependant on the original wettability.

Although re-establishing wettability is a common practice in the oil industry, it is

recommended that experiments should be conducted on native plugs (not cleaned and

dried) if they contain any delicate or sensitive material, such as clay. In such cases,

the cleaning and drying process may destroy part of the pore structure, causing

dislodging of material and movement of the latter (fines movement), and in the

process altering the plug's original pore geometry. For further details on special core

analysis and wettability, the reader may consult the reviews by Anderson, (1986,

1986a, 1986b, 1987, I987a).

In terms of nomenclature, the full range of wettability requires def,tnition, reflecting

all rock-fluid interaction states. The extreme conditions are described by water-wet

and oil-wet states. In the water-wet state, it is believed that all plug pores, regardless

of size (big or small), are covered by a water film, where oil (or gas) is contained in
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the centre of large pores. In contrast, oil-wet is the state where oil coats all available

rock surfaces, with water residing in the centre of big pores. In between these

extremes, a core plug may also be characteúzed in terms of intermediate wettability.

The latter term describes a state where the rock surface has an equal tendency to be

wetted by water and oil, sometimes referred to as "neutral" wettability. There are two

distinct types of interrnediate wettability; fractional and mixed. In fractional

wettability (FW), some of the pores are water-wet, whereas other pores are oil-wet. In

other words, oil and water wet pores randomly, regardless of the pore size (Skauge, et

aL,2003; Dixit, et al., 1998). Mixed wettability (Salathiel, 1973), on the other hand,

describes a state where oil wets interconnected large pores with an unintemrpted film.

Dixit, et al. (1998) define mixed wettability for the condition where pores wetted by

oil and water are sorted by pore size. They further define two sub-categories of mixed

wettability: categories that are mixed-wet large (MWL) or mixed-wet small (MWS).

In the former case, oil wets large pores whereas in the latter water is the wetting fluid.

Wettability may be quantified in the laboratory through the use of indices, or by using

relative permeability characteristics. As is well known, more fundamentally,

wettability may be described in terms of contact angle. However, some studies

(Brown and Fatt, 1956; Morrow, et a1.,1973; Mungan, 1981) questioned whether the

contact angle method can properly lead to a description of wettability in reservoirs.

They pointed out a number of limitations associated with the technique, making it

doubtful forreservoirrocks (Honarpour,atal.,1986). Some of these limitations are

summarised below:

1. For laboratory contact angle measurements, silica and/ or quartz (to reflect

sandstone) and calcite (for carbonates) are typically used. Measured contact

angles may, therefore, not be representative as reservoir rocks also contain
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other minerals. An example showing the importance of various substances is

the study by Donaldson and Thomas (I97I) in which the researchers measured

relative permeability and wettability by employing manufactured core plugs

with varying silicon percent. Wettability was found to change from water-wet

(for 0% silicon) to shongly oil-wet (for 10% silicon).

2. A "pre-equilibrium time", between the rock surface and fluid, has to be taken

into accounted. In other words, the rock surface and particular fluid should

stay in contact for a sufficient time period before inhoducing the other fluid.

This amount of time varies for different rocks and fluids.

3. Values of advancing and receding contact angles may differ considerably, up

to 50o.

4. Representative contact angle measurements should ideally utilise reservoir

fluids, which may not be available due to safety, time and expense in recovery.

Considering these factors and others, peholeum scientists and engineers searched for

other wettability indicators, trying to overcome some of the aforementioned

difficulties. The methods advocated by Amott (Amott, 1959) and the U. S. Bureau of

Mines (USBM, Donaldson, 1969), and the associated indices and scales are often

used by the petroleum industry. To determine the wettability of a reservoir and to

validate the aging process described above, indices should be determined for both

native and restored samples.

In the Amott technique, a brine-saturated plug is oil flooded to irreducible water

saturation. Brine is then allowed to spontaneously imbibe into the plug, and the

amount of water is measured. Subsequently, the plug is placed into a centrifuge,
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Table 2.4: Common Wettability Indices

When specific wettability measurements are not available but relative permeability

measurements have been made, an appreciation of wettability may be obtained by

considering relative permeability characteristics, as described in the following

paragraphs.

Method
Strongly oil

wet
Slightly
oil wet

Neutral
wet

Slightty
water wet

Strongly
water wet

In 1 0 1

InH -1.0<AI<-0.3 -0.3<AI<-0.1 -0.1<AI<0.1 0.1<AI<0.3 0.3<AI<1.0

IuseN,{ Log4-.g
A2

Log4:o
A2

A,0<Log-)
A2
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Ratio of Endpoints: may be determined from the ratio of maximum relative

permeability to water (at residual oil saturation) to maximum relative permeability to

oil (at irreducible water saturation), (or the inverse). If such a ratio in near unity, the

plug is strongly oil-wet, whereas a value of around 0.3 signifies water wet conditions

(Honarpour, at aL.,1986; Behrenbruch, 2000).

Craig's Rules of Thumb: A three-part rule of thumb \^/as suggested by Craig(1971)'

Basically, the rule uses irreducible water saturation, saturation at the intersection point

and the maximum relative permeability to water, and suggested ranges are shown in

Table 2.5.It should be noted that these rules assume that relative permeability curves

were nonnalised to the maximum effective permeability to oil.

Table 2.5: Craig's Rules of Thumb for Wettability

The intersection point on its own has also been proposed as a wettability indicator. It

was found that the intersection point moves towards a lower water saturation value

and the relative permeability at the crossing point reads a higher value, if a sample

was changed from being water-wet to an oil-wet state (Honarpour, at al., 1986).

Caution should be exercised when using any of these, more qualitative indicators. As

stated above, a relative permeability curve does not stand only for wettability, but

pore structure components also greatly affect the shape of relative permeability

Measurement / type of WettabilitY Oil Wet Water Wet

Irreducible water saturation, Swir < l5o/o > 20Yo (to25%)

Sw (at intersection point) < 50Yo > 50/o

Maximum relative permeability to water > 0.5 (close to unity) < 0.3
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curves.

Re-considering USBM and Amott indices, some researches have been investigating

whether these measurements can be correlated. The relationship between residual oil

saturation and the Amott-Harvey index (Skauge and Ottesen, 2002), as shown in

Figure 2.7, is not that convincing, but is similar to that published in Anderson (1987)

using the USBM index, and this fact points to the opportunity to correlate both

measurements.

lÐa
+
+

+
+
+

+

o

+

I+
I

+

It
a

¡l

.of

¡
t

lt +

I

I t
t

+
ar

++

u.ç

LI, J3

t
t.3

+
t25

++

]
t

t

+

t
t+a

+
l+

l +t
+

++ to

a)
do

-o"5 t
AÊrDtt-Hårvey index

Figure 2.7: Residual Oil Saturation as a Function of Amott-Harvey Index:
after Skauge and Ottesen, 2002

However, Dixit et al. (1998) argued that, as both indices do not rely on a tirm

theoretical background, the correlation between these may be less clear, if at all

possible. Moreover, an obvious difference between the two methods is that the Amott

index considers spontaneous imbibition of fluids whereas the USBM index is based

only on forced imbibition and secondary caplllary pressure. This means that scatter

65



Chapter 2. Flow Through Porous Media: Capillary Pressure, Relative Permeability and Wettability

should be expected when correlating these measurements. For example, results from

Crocker and Marchin (1986) as plotted in Rao and Bassioni (2000) showed no

relationship among contact angle, USBM and Amott-Harvey measurements (Rao and

Bassioni, 2000). However, plots shown in Torsaeter (1988) for both measurements

resulted in a near linear relationship around a 45o line, with less data scatter. In their

paper "Core Wettability: Should Im Equal IusBM", Dixit, et al (1998) plotted

empirical data from different literature sources, as shown in Figure 2.8 (literature

references are also included in the List of References). The plot on the left in Figure

2.8 shows that all data points fall in quadrant A, with scaüer being attributed to the

fact that both tests were conducted on different core plugs. In contrast, each point on

the right hand side plot was obtained from the same plug.
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Figure 2.8: USBM versus Amott-Harvey Indices Correlation - Different
Sources from Literaítre after Dixit et al., 1998
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In this work, plugs were classified in terms of wettability subsets, using FW, MWL

and MWS, with a linear relationship observed in the range -0.5 < InH < 0.5 for FW.

Moreover, analylically they found the following relationships between both

measurements for uniform pore size dishibution plugs (also graphically shown in

Figure 2.9):

For FW cases,

rusau=r"r(i+)

v
v+1 v+1

(2.rle)

(2.t20)

For MWL cases,

I.¿u v+7

2
-Rv.mln

(^;*- v++ +

f_IUSBM - v

t or(ni^:^I - Rå;]). h;l * Rå;1 v+1
Råu* -

For MWS cases,

2
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(^,"* * Råîj )-, uo(^ - Rvllmln

2

v+l
max

v

v+1

Aåu*

IUSBM (2.t2t)

(n,"* -Råîj)-'uo(*;;] -Råîj
v

v-ì-l

-Rv.mIn2

where (as defined in Dixit et al. (1996)),

R.in

Rr,*

v

: minimum limit for uniform pore size distribution

: maximum limit for uniform pore size distribution

: volume exponent
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Figure 2.9: Relationship between USBM and Amott-Harvey Indices as a Function
of Different Wettability Types: after Dixit et al., 1998

Skauge and Ottesen (2002) and Skauge et al (2003) studied USBM and Amott Harvey

measurements from 13 reservoirs and found similar conclusions as in Dixit, et al.
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(1998). For FW, the trend is close a 45o line. For MWL the trend tends to deviate

upward and downward for MWS (see figures 2.10a,2.10b and 2.10c).

Fig. 2.10a: USBM versus Amott-Harvey Indices for FW Type of wettability:
after Skauge et al., 2003
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Fig. 2.10c: USBM versus Amott-Harvey Indices for MWS Type of
Wettability: after Skauge et al., 2003

Apart from these equations, attempts to relate Iussra and Ias to quantit/ wettability are

relatively few. Also, these methods tend to determine contact angle (which is not

widely employed in the petroleum industry). Most recently, Li and Roland (2002) and

Li and Roland (2003) developed a correlation to estimate contact angle by integrating

Purcell's equation (Purcell, 1949) for absolute permeability and the Brooks and Corey

model for capillary pressure (Brooks and Corey, 1966). Their f,rnal equation is a

function of rock parameters including entry pressure (P"), porosity (/), permeability

(k), pore size distribution index (À) and lithology factor (F). The model can be

presented as follows:

lusaM

o Dùb

-tuaEft 

= t,ôt-t

-Liror{DrlaJ

o,t5

o.6

o25

ô, o
-1 Ð¡E -0,6 -tt.25 o25 6,5 Ítl5 I

Ð".5

¡,5

¡.75

AH

,a. + z\( tc \ p"

A )lrø) '
cosd=

where d is the contact angle, and o is the interfacial tension.
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Chapter 3

Prediction of

Capillary Pressure

3.1 Introduction

Christiansen (2001) stressed the importance of capillary pressure by stating "ø live

percent error in capilløry pressure relationshìps cøn translate to millions of dollars

díffirence in reserve for a modest size oíltìeld."

While it is a convention to present capillary pressure as a function of the wetting

phase saturation, in practice, for water-oil systems, water saturation acts as the

independent variable, regardless of wettability conditions. This may be attributed to

the fact that the applied capillary differential pressure characterizes the saturation

path, defining the process, whether drainage or imbibition'

Capillary pressure, relative permeability and associated wettability measurements, are

typically part of (reservoir engineering) Special Core Analysis (SCAL), involving the

study of the interaction of rocks with two (or more) immiscible fluids.

Conventionally, the determination of a capillary pressure requires conducting

laboratory experiments. These experiments are expensive and take a long time to
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conduct. Hence, a limited number of core plugs are usually considered for

measurement, often resulting in deficiencies in reservoir description. This is then in

part the motivation for developing mathematical capillary plessure models.

Capillary pressure is a rock-fluid interaction property that defines pressure difference

across an interface when two immiscible fluids co-exist. The capillary effect is absent

or small in case of larger pipes or orifltces. However, in porous media, two types of

forces are present concurrently; the capillary force (pore throats and fluid systems)

and the buoyant force (fluid densities, curvature radii and fluid system).

As shown already in Chapter 2, captllary pressure may be classified as a part of

special core analysis and described in terms of more fundamental parameters,

including routine core analysis parameters. However, as already mentioned, capillary

pressure models do not seem to make direct use of permeability (as a correlation

parameter). On the contrary, permeability appears to stand as a valuable qualitative

factor (high and low). lrom a capillary pressure curve, variables such as degree of

sorting (well and poorly) and homogeneity can be accounted for (see Figure 3.1).

Schematically, due to sorting effects, a number of generic capillary pressure curves

can be represented as in Figure 3.2.

It should also be noted that the well-known Carman-Kozeny eqtation to estimate

absolute permeability received considerable attention by researchers over the years.

The functional groups describing the Carman-Kozeny equation, namely Reservoir

Quality Index (RQI), Porosity Group (PG) and Flow zone Indicator (FZI), are in

regular use in reservoir characterization.
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WellSorted (Throats) Poorly Sorted (Throats)

Pc f (rø) Pc

l(, ø)

t'þ t'ú

Low k

Low k

High k

0 S*% 100 0 S'r% 100

High k

Figure 3.1: Capillary Pressure as a Function of Absolute Permeability and Degree

of Sorting

In this chapter, a new and innovative employment of the Carman-Kozeny equation ts

described, based parameters RQI and PG, to estimate capillary pressure relationships.

Both parameters are re-defined to suit the existence of two immiscible fluids. The new

capillary pressure model uses the principle of effective saturation, and is developed

and validated employing data sets from onshore/offshore Australian hydrocarbon

basins, giving consistent results. As the model uses re-def,rned RQI and PG

parameters, it delivers a new dimension and perspective of the Carman-Kozeny

equation, where the formulation has been extended from single to two-phase. The

Carman-Kozeny equalion was introduced in Chapter 1 and is re-visited in the

following section.
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Bimodal

Poorly

Well
sorted

À

Unsorted

S*%

Figure 3.2: Schematic Representation of the Influence of Plug Degree of Sorting on Capillary
Pressure: Modified after Vavra, et al., 1992

1. To develop a new semi-theoretical model to predict capillary pressure using

new parameters that are re-defltned from the original Carman-Kozeny

equation,

2. To validate the new model using experimental capillary pressure data from

Australian reservoirs,

3. To compare the performance of the new model with that of Brooks and Corey,

and

4. To present the new model as a qualitative pattern recognition tool.
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3.2 The Carman-Kozeny Equation and Geological

Parameters

The new model for predicting capillary pressure relies on the well known theoretical

Carman-Kozeny equation for absolute permeability. The main ideas are summarized

below.

The so called Carman-Kozeny eqtation is the result of combining the early work

conducted by Kozeny (1927) and Carman (1937) to study the problem of single phase

flow. Kozeny (1927) studied the dependency between permeability and porosity. He

originated the concept of textural properties, which correlate factors such as shape

factor, tortuosity, and specific surface area to permeability. Later, Carman (1937)

developed the direct relationship between permeability and porosity. The Carman-

Kozeny equation may be written as follows:

(3.1)

where k is the absolute permeability in pm2 , ú" is the effective porosity, ^F" is the

shape factor (2 for cylinders), r is tortuosity and ,S*u is the surface area per unit grain

volume in pm-1.

While, equation 3.1 may be used in estimating absolute permeability, the equation is

often used to correlate properties for a fundamental geological unit (facies). The

product f'" / lknown as Kozeny constant) is believed to be constant within each

single flow zone unit, and different from one zone to another. This aspect was further

studied by Barr and Altunby (1992) and later by Amaefule et al.(1993), and equation
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3.1 was proposed as a modif,ted form, as follows:

(3.2)

where 0.0314 is a conversion factor (millidarcy to ¡rm2). Furthermore, certain terms

were grouped, defining Reservoir Quality Index (RQI), Porosity Group (PG) and

Flow Zone indicator (FZI):

oo3r4F= þ, l:--ì\lø, 0-þ") [J+'sr",;

ROr :0.ß14 E
\tø"

PG= ú"
t- þ"

(3.3)

(3.4)

FZI = (3.s)

Substituting these definitions into equation 3.2, and taking logarithms, a linar

relationship with unit slope results, with a specific relationship defined for each

separate geological entity, or flow zone unit, with a unique FZI index.

logRQI =logPG+logFZI (3.6)

While this was initially postulated, confirmation was found with numerous studies for

formations that obey the assumptions that underlay the Carman-Kozeny equation. For

further information, the reader is referred to publication by Barr and Altunby (1992)

and later by Amaefule et al. (1993). Recent applications may be found in

Behrenbruch and Biniwale (2005), and Biniwale and Behrenbruch (2004).
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3.3 Prediction of Capillary Pressure: Introducing New

Model

One may initially postulate that each of the two fluid phases present has its own

labyrinth, where the space for each fluid to flow is complimentary to the solid phase

and the other fluid phase. In such pseudo rock, grains and space occupied by the other

fluid are not differentiated, thus defining a new effective porosity for each fluid phase.

This would mean that the new imaginary rock is characteized by changing porosity,

as a function of saturation. One may then define the effective saturation as /S*.

As it is shown in Figure 3.3, a capillary pressure curve can be characteúzed using the

following parameters.

. Maximum capillary pressure, P"-,

' Irreducible water saturation, S*¡.,

. Entry Pressure, P"",

' Entry water saturation, S*"

These four parameters were incorporated into the new capillary pressure model

described below. The hypothesis in equation 3.3 and 3.4 are investigated for the

estimation of capillary pressure. To make it appropriate for two-phase studies, and as

discussed above, porosity in both equations was replaced by effective saturation

(multiplication of porosity and water saturation, lrS,). The Effective Saturation Group

(ESG) can then be written as follows (equation 3'7):

ESG = 6'
I- 6*
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P" 
lmax¡

Surface Area

and S*,,

o
o-

Pore Size Distribution
and Degree of Sorting

Max. Pore
Th¡oat Radius

P..

S*¡, S*.
1000 S*%

Figure 3.3: A Typical Capillary Pressure Curve

Equation 3.3 was manipulated to suite capillary pressure by replacing fr with (18"2)

Capillary lressure lndex, CPI, is represented by the following equation:

CPI = 0.0314 (3 .8)
6*

The logic behind selecting (lD"1for developing the model may be supported by the

following:

1. For certain theoretical formulations described in Chapter 2, in

terms of permeability (absolute and relative) models, llP"2 may

be taken as an independent parameter in appropriate integral

form with respect to saturation. A relationship between llP"z
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and saturation may thus assist in solving integral forms, leading

to greater practicality.

2. In terms of dimensions, (see equation 2.1, Chapter 2),

assuming every other parameter is constant; 1/P"2 is a function

of 12. The latter has the same dimension as absolute

permeability and/or effective permeability (permeability has

the dimension of length2).

3. 1/P.2 is an indicator that accounts for pore geometry and pore

size distribution.

A plot of CPI (equation 3.8) versus ESG (equation 3.7) represents a straight line in the

region where saturation changes (equation 3.9). In other words, between the entry

pressure (at entry saturation) and maximum capillary pressure (at the irreducible

water saturation),

o.orro^[@=* 6* *o
\J ø,s, t-6* (3.e)

Equation 3.9 canschematically be represented as in Figure 3'4
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ESG

(S,n¡p P.r)

o-
(J

(Sw., P..)

Figure 3.4: Capillary Pressure Relationship as a Straight Line on the New Plot

Squaring and re-arranging equation 3.9:

I - rcvl *2 @s.)t - +ZmaP: L Q-,N)'
(3.10)

Equation 3.10 may be also represented as,

Pc =0'0314
I- 6. (3.11)

(* - ")' 
(øs,)t + 2a(m - "\øs.')2 

+ o2 (ús.)

Equations 3.9, 3.10 and 3.11 represent general forms that do not anchor any point on a

capillary pressure relationship. However, maximum capillary pressure is a reservoir-

related property. Moreover, the entry pressure depends on the largest pore throats that

may exist in a core plug. In other words, it is a plug-related property. In order to give
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a more representative and definitive model, two approaches are given below that

consider the maximum capillary pressure and the entry pressure.

3.3.1 Approach 1: Considering Maximum capillary pressure (P"-)

At P.n.,, equation 3.9 can be written as follows:

0.0314 Nw¡r
l- 6w¡,

=m +a (3.r2)

(3 . 13)

N-¡r

and

a = 0.031 -m

Re-arranging equation 3. 14

m

N. 0.0314

-(fffi-ESGcm

6w¡r
l-6w¡r6w¡r

Substituting equation 3.13 into equation 3.9 gives,

(3.14)

(3. 1 s)eh- ESG"^)+cPr'cm
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and

t-((m(ø
F - (l.oo314t -ør, -ESG"*)."i"-)Uø'\

(" -(f æ - 
u, u 

"*) 
+ u i 

" 
*)(6s *)o 

5

and the model can be mathematically represented as follows

P"=

tl p?*

Ó5.¡,

tl p?"

þS -n

þ5."
I - þS*"

(3.1 6)

(3.17)

where CPI 
"* =

and ESG"* 6w¡r
6w¡r l- Nw¡,

3.3.2 Approach 2: Considering Maximum Capillarv Pressure (P".)

and Entry Pressure (P*)

Knowing both endpoints (at entry pressure and maximum capillary pressure), "m" and

"a" may be determined as follows:

m = 0.0314
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tl p?*

tl p?.

ÓS w¡r

tl p?"

þS *" ÓS *¡,a = 0.0314
Ó5.¡, þS -n I- óS*¡,úS r¡,

r-ûs*¡, l-úsr"

As can be seen from equations 3.18 and 3.19, m and a are both functions of

irreducible water saturation (S*ir), maximum capillary pressure (P".), entry pressure

(P.") and entry water saturation (S*.). Also, considering equations 3.18 and 3.19 and

manipulating equation 3.11, another form that uses S*ir, S*", P.. and P". may be

obtained as follows:

(3.1 e)

(3.20)

0.5
DDacercmax

S wir
sw

PC

. 
[""

P""

'; 
=[ 

)

0.5

w('max
S wir
5." - P""

l-þS*"
l-ó5.

where S** is the normalized water saturation defined as in Brooks and Corey model

(3.2r)

If it is assumed that S*. and P"" are both equal to unity,

À
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0.5

P" 
^u*

r*(r" (s,,, )o't - t

S wir
,sw

Pc

h=

max

l-þS*"
l-ú5.

(3.22)

(3.24)

{j#)t )

Height above the oil water contact with respect to the free water level can be

estimated with the aid of equations 3.23 andlor 3.24 (if P"" and S*" are considered

unity).

S wi,
0.5

s (3.23)h- ""-* [
P""

- 
""" J[""".I

0.5

wG^p P" 
^u*

('

0.5

P" 
^u*

S wi,
sw

t*(".-u* (s.¡,)ot-t{ 1-
l-þS*

S, - S,"i.
| - S.¡,Gnp

where

Lp : Difference in fluid densities

oò : Gravity force

This definition for normalized water saturation is similar to the normalized water

saturation defined in Brooks and Corey model when S*" is unity.
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3.4 Capillary Pressure Model Validation and Examples

In order to check the validity of the newly established model for estimating of

capillary pressure relationships, an extensive data set containing real measurements

conducted on representative core plugs obtained from different Australian

hydrocarbon basins was examined. The map provided in Figure 3.5 indicates the

location for various Australian hydrocarbon basins with the relevant the ones under

consideration highlighted, namely: the Bonaparte Basin, the Cooper-Eromanga basin

and the Carnarvon basin. A number of selected examples are now presented, where

Tables 3. 1 and 3 .2 summarize type of experiment, fluid system and sample properties.

BASIN

riì! lËE

rflËi:i,l:ìA

BONAPARTE

\
¡'r l.: ,i'¡

.\\

(

I
I

,-r', ì)'\,1'- \.,/
,1

Figure 3.5: Major Australian Onshore and Offshore Hydrocarbon Basins:

Modified after Ruth, 2003

85



Chapter 3. Prediction of Capillary Pressure

Table 3.1: Different Samples Used to Validate the New Capillary Pressure Model

Plug No. Basin Field Method Fluid System

1

2

3
4
5

6

7

I

Bonaparte
Bonaparte
Bonaparte

Cooper
Cooper

Bonaparte
Bonaparte
Carnarvon

oil
oil
oil
oil
oir
Gas
Gas
oil

Centrifuge
Centrifuge
Centrifuge

Porous Plate
Porous Plate
Porous Plate
Porous Plate
Porous Plate

Oil / Brine
Oil / Brine
Oil / Brine
Air / Brine
Air / Brine
Air / Brine
Air / Brine
Air / Brine

Table 3.2: Quantitative Summary for Different Samples Used to Validate the New
Capillary Pressure Model

Of the eight samples shown in the tables, six samples were retrieved from oil

reservoirs whereas two samples were obtained from gas fields. Experimental results

were obtained using centrifuge and porous plate techniques with two different fluid

pairs oil/brine and airlbrine. Samples exhibit a wide range in absolute permeability,

porosity and irreducible water saturation. Entry pressure is unity for most of the

samples, except for plug 1 (2 psi) and Plug 3 (0.5 psi). Water saturation at entry

pressure seems to be far from unity with 0.726 (Plug 1) being the highest value

reported.

For each plug, capillary pressure values were determined using equation 3.20, as

values for entry pressure and entry saturation are not unity. Results are presented

Plug
No.

Basin Field
kabs

(md)
ø

(frac.)
S,ni.

(frac.)
P.-
(psi)

S,,n"

(frac.)
P""

(psi)

1
,,

3
4

5

6
7

8

Bonaparte
Bonaparte
Bonaparte

Cooper
Cooper

Bonaparte
Bonaparte
Carnarvon

oil
oil
oil
oil
oit
Gas
Gas
oir

18.1
238
2lt7
1028
2870

55
337
974

0.168
0.157
0.174
0.179
0.218
0.113
0.099
0.214

0.369
0.087
0.187
0.103
0.098
0.161
0.084
0.345

60
60
60
200
200
35
35
35

0.726
0.598
0.368
0.s37
0.425
0.645
0.337
0.643

2
I

0.5
1

I
I
1

1
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graphically in Figures 3.6 through 3.13. In each figure, measured values are plotted in

square symbols, whereas the predicted trends are given in a continuous line. Values

for absolute permeability (k"r,) and porosity (Q) are also indicated. Moreover, where

available, photomicrographs are shown on the plots. The results presented clearly

show that the model is able to capture capillary pressure trends to high degree of

accuracy. The results for a larger data set are included in Appendix A.

In the following section, a comparison study is carried out to evaluate performance of

both the new model (equation 3.17 and 3.20) and Brooks and Corey model.

()
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k.or=18.1

/ = 0,168

0 lmn
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 3.6: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 1, Table 3.1)
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Figure 3.7: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 2, Table 3.1)

Figure 3.8: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 3, Table 3.1)
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Figure 3.9: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 4, Table 3.1)

Figure 3.10: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 5, Table 3.1)
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Figure 3.11: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 6, Table 3.1)

Figure 3.12: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 7, Table 3.1)
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Figure 3.13: Prediction of Capillary Pressure Relationship Using the New Model
(Plug 8, Table 3.1)

3.5 Comparison Study: Brooks and Corey and New

Model

Before showing examples from the comparative analysis, it is instructive to consider

an analytical comparison. The aim is to check whether or not a defined relationship

between m (from the new model) and )" (from Brook and Corey model) can be

established.
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3.5.1 Analytical Comparison of Models

The Brooks and Corey model is given as follows

At Pc" and S*", the form for the new model is given by,

[+)'=(L)'ß;):

0.0314

and

6*"
=* N'" *ol-6r"

(3.2s)

(3.26)

(3.27)a=o.o3 ro^[@-* 6,"
\ 6*, r- 6*"

Substituting equations 3.25 and3.27 into equation 3.9

U r:"
.2

il^0.031
N* 6*"
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Equation 3.28 can also take the form as given in equation 3.29.

, .l
(';Þ mPæ

S,IS* 0.0314(1 -øS*")

Re-arranging equation 3.29,

)"- Log

?l
û2 53"-t- (3.2e)

(3.30)3l

+-
2
tog(srls-")

Although equation 3.30 seems to show a relationship between m and),, the existence

of S* in the equation contradicts the fact that for the same core plug 2 has to be a

constant value and not a function ofS* (or any other variable). It is then necessary to

check the range that )" assumes as a function of S*. Tables 3.3,3.4 and 3.5 show

results obtained from the first three plugs in Tables 3.1 and 3.2. For each individual

phg, P"", kua", Ø, S*ir, rrì (slope from the new model) and )" estimated from the Brooks

and Corey model are recorded.
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Table 3.3: Values for )"as Predicted from Equation 3.30 (Plug 1, Table 3.1)

Table 3.4: Values for Â.as Predicted from Equation 3.30 (Plug 2, Table 3.1)

Plug

1

P"" ka¡s ø S*¡. m x

2 18.1 0.168 0.369 0.551 1.11

s'n ).

0.726 NA

0.556 1.71

0.462 1.43

0.411 1.46

0.391 1.56

0.381 1.71

0.369 NA

Plug 2

Pe k"b. ø S,ni, m .L

1 238 0.157 0.087 t.r4 1.10

s.,n )"

0.598 NA

0.359 1.31

0.26 1.07

0.191 0.97

0.142 0.93

0.119 0.92

0.10s 0.924

0.087 NA
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Table 3.5: Values for 2 as Predicted from Equation 3.30 (Plug 3, Table 3.1)

Plug 3
Pe k"¡. ø S*1. m I

0.5 2tt7 0.174 0.187 7.05 1.60

sw 1

0.368 NA

0.282 2.74

0.236 1.85

0.212 1.57

0.199 1.46

0.192 1.42

0.189 1.45

0.188 1.52

0.187 NA

As is evident from the above tables, values for 2determined from equation 3.30 seem

to have a fairly small range of variation that is typically between (for the samples

investigated) unity to 1.8. The highest value observedis2.T. This means that in reality

the influence of S* in equation 3.30 appears to have a lesser impact and an average

value for ,, may be used, as determined from the equation. Upon further

investigation, one can attribute the variation in ), to the fact that the new model, as

compared to the Brooks and Corey model, has different boundary conditions and

different assumptions. As such, the Brooks and Corey model is not able to predict the

maximum capillary pressure for a sample; in actual fact the range extends to infinity.
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3.5.2 Conventional Comparison

In this section, a regular performance comparison is conducted. All samples shown in

Tables 3.1 and 3.2 are considered. As stated above, for each sample, the capillary

pressure relationship is predicted using the new model (equations 3.17 and 3.20),

which is then compared with the Brooks and Corey model (equation given in Chapter

2). The results of this comparison are shown in Figures 3,14 through3.29. For each

individual plug, a plot of capillary pressure versus saturation is constructed. Also, for

easier comparison, a cross plot is given, showing measured (laboratory) and

calculated values. From these plots the following may concluded:

Both of the new model equations (3.I7 and 3.20) seem to have a similar

performance.

Also, as apparent, the Brooks and Corey model gives good results

It is clear that the new model predicts the whole capillary pressure

relationship. The Brooks and Corey model is unable to predict values greater

than the second last measured point (the point before maximum capillary

pressure).
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Figure 3.14: New Model Performance Compared to that of the Brooks and Corey
Model Performance (Plug 1, Table 3.1)
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Figure 3.15: Cross Plot of Predicted versus Measured Capillary Pressure Values
(Plug l, Table 3.1)
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Figure 3.17: Cross Plot of Predicted versus Measured Capillary Pressure Values
(Plug 2, Table 3.1)
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Figure 3.18: New Model Performance Compared to that of the Brooks and Corey
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Figure 3.19: Cross Plot of Predicted versus Measured Capillary Pressure Values

(Plug 3, Table 3.1)
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Figure 3.22: New Model Performance Compared to that of the Brooks and Corey

Model Performance (Plug 5, Table 3.1)
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Figure 3.26: New Model Performance Compared to that of the Brooks and Corey

Model Performance (Plug 7, Table 3.1)

Figure 3.27: Cross Plot of Predicted versus Measured Capillary Pressure Values

(Plug 7, Table 3.1)

.BC
" Eq. 3.17

^ Eq. 3.20

Bonaparte Basin (Gas)

k"o" = 337 md

/= 0.099

S*,, = 0.084

A

,t
a

A

40

30
Eo
.9tto
¿20
I
o

o-

10

0
4020

measured
30t00

P

103



Chapter 3. Prediction of Capillary Pressure

40

30

o. 20

l0

0 0 0.1 0.2 0.3 0.4 0.5

s,
0.6 0.7 0.8 0.9 1

-BC- - Eq. 3.17

- 
Eq. 3.20

Carnarvon Basin (Oil)

k"o" = 974 md

ø= 0.214

S*,, = 0.345

a

Figure 3.28: New Model Performance Compared to that of the Brooks and Corey

Model Performance (Plug 8, Table 3.1)
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3.6 Pattern Recognition

A complete group of capillary pressure functions collected from the Bonaparte Bastn

is displayed in Figure. 3.30. As it can be seen, these relationships cover a wide range

of variation in terms of permeability and porosity. Recalling the schematic

represented in Figure 3.2,it can also be concluded that capillary pressure curves in

Figure 3.30 have different pore structures and different degrees of sorting. A

transformation of these curves into the new model space (CPI versus ESG) resulted in

a number of straight lines with different slopes, as in Figure 3.31. A certain pattern in

these lines may be related to the characteristics of a particular f,reld. As such, a pattem

is in a way a diagnostic tool, which allows a complete description of pore structures

and associated capillary pressure curves, including the filling in of data gaps'
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Basin, Offshore Australia

3.7 Summary and Conclusions

1. Two new parameters, effective saturation group (ESG) and capillary pressure

index (cPI) are introduced, grouping porosity, saturation and capillary

pressure. The parameters are modifications to reservoir quality index and

porosity group of the Carman-Kozeny equation.

2. By mapping capillary pressure curves into the CPI-ESG space, straight lines

are obtained for the movable saturation range, the essence of a new model to

predict capillary pressure versus saturation.
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3. The model was validated using experimental core plug data for Australian

fields, showing excellent agreement between predicted and actual curves'

4. The new model compared favorably against the well known Brooks and Corey

model. The new model can predict the entire capillary pressure relationship

(from the entry pressure to the maximum capillary pressure) which is not the

case for the Brooks and Corey model'

5. A mathematical formula linking the new model with the Brooks and Corey

model is also presented. The formula, however, indicates that there is no direct

relationship between the models, as the new model shows the pore

characteristic parameter )" to be a function of saturation, rather than a constant,

as is the case for the B-C model.

6. The observed range for ),in the new model was found to be between unity

and 2, and an avetage value can be determined to be the equivalent in the

Brooks and Corey model.
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Chapter 4

Prediction of

Two-Phase, 'Water-Oil

Relative Permeability

4.1 Introduction

Reservoir description or characterization is recognized as an important activity in

evaluating oil and gas reservoirs, involving the determination of both rock, and fluid

properties. In homogenous reservoirs, such investigations may be relatively easy'

However, in more heterogeneous reservoirs, the variation in rock properties requires

more extensive experiments and studies in order to assign representative

characteristics to individual rock types.

While the determination of porosity, permeability and grain density afe part of

conventional core analysis, SCAL is part of special core analysis, more specif,rcally

saturation-dependant relationships in form of capillary pressure and relative

permeability curves.

Relative permeability is a principal property that describes the simultaneous flow of

more than one fluid. By definition, it is a dimensionless ratio between the effective

permeability of a phase at a certain saturation, normalized either with absolute
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permeability or effective maximum permeability of the oil-phase at minimum water

saturation, S*i,. Relative permeability also depends on the saturation history, where

the results from imbibition and drainage processes are not identical due to hysteresis

effects.

Understanding the significance of apparently different relative permeability

relationships is paramount in the assessment of recovery efficiency for a particular

reservoir. Apart from the normal difficulties encountered in measuring relative

permeability, Australian rocks tend to exhibit considerable diagenesis, often showing

clay-filled pores (kaolinite or dickite). This means that fines movement and other

related phenomena are often encountered, leading to non-representative testing

results

More generally, relative permeability is a function of several key parameters: pore-

scale geometry (including porosity and permeability) and pore distribution (pore-scale

heterogeneity), rock-fluid interaction (mineralogy, capillarity and wettability)' initial

fluid saturation distribution, and fluid velocity (or capillary number, when combined

with fluid viscosity and interfacial tension). In some cases more severe heterogeneity,

e.g. layering or fractures, may be manifested. Also, defining suitable relative

permeability relationships for a particular reservoir or formation requires validation

and integration, particularly when conflicting data is available.

Ideally, experiments should be performed under reservoir conditions (pressure and

temperature), utilizing representative core plugs and fluids' However, such

experiments tend to be labor and time consuming and expensive. For these reasons,

analytical or empirical-based relationships, derived from basic data (and certain

assumptions) are often used by reservoir engineers as input for their simulation
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models. These analytical or semi-empirical relationships facilitate quick and easy

implementation of relative permeability'

Among others, the description of estimating (or predicting) relative permeability is the

main objective of this chapter. A new model, similar to the modified Brooks and

Corey model (the power law model), is introduced. Comprehensive comparison

studies between the Modified Brooks and Corey Model and the mechanistic relative

permeability model (see equations 2.117 and2.ll8, Chapter 2) are discussed.

In brief, the overall objectives ofthis chapter are

to introduce a new Brooks-Corey type approach to study relative permeability

data for diverse rock types, for both onshore and offshore Australian fields,

to introduce a new wettability matrix using Corey exponents to water and oil,

to further investigate a new mechanistic approach for relative permeability

prediction based on the Carman-Kozeny equation for absolute permeability.

The model is also validated with data sets from Australian fields, and

to compare performance of both the new mechanistic model and the Brooks

and Corey model.

4.2 Data Availability and Examples

A large number of relative permeability data sets have been gathered from onshore

and offshore Australian basins. These data sets cover a wide spectrum of rock types as

indicated by the range in absolute permeabitity, porosity, S*ir and So.. They also

exhibit diverse grain size, grain size distribution, pore structure and mineralogy'
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Moreover, some rocks tend to demonstrate significant diagenesis, such as quartz

overgrowth and clay-filled pores. Photomicrographs and scanning electron

micrographs (SEM) are utilized to understand the link between relative permeability

relationships and geological aspects. Illustrative examples are given from the offshore

Bonaparte basin and the onshore Cooper basin.

Figures 4.la and 4.2a give some examples of photomicrographs. Figure 4'1a'

represents a well-sorted plug with only minor diagenesis (only quartz overgrowth

(eO), leaving numerous primary pores (PP) open to flow. Relative permeability

relationships for such plugs are characterized by relatively lower Swir and a larger

moveable oil range, as illustrated in Figure 4.1b. Figure 4.2a shows a poorly sorted

plug. Quartz overgrowth is visible and some pores have been filled with clay'

1
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Figure 4.1a: PhotomicrograPh for a

Well-Sorted Plug (PP: Primary
Pores; QO: Quartz Overgrowth)

Figure 4.lb: Relative Permeability
Relationship for the Plug in Figure 4.1a

In comparison with Figure 4.lb, the relative permeability curve shown in Figure 4.2b

demonstrates a higher S*i, value and narrower moveable saturation range.
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Figure 4.2a: Pholomicrograph for a

Poorly Sorted Plug (P: Pores; QO:
Quartz Overgrowth; C: Clay)

Figure 4.2b: Relative Permeability
Relationship for the Plug in Figve 4.2a

SEMs (Scanning Electro Micrographs) can also be valuable in providing informatton

about clay types and their distribution, and cementing material, giving a better idea of

porosity and pores available for flow. Figures 4.3 and 4.4 represent rocks with

substantial amounts of authigenic clays, such as dickite (D), f,rlling much of the

available pores (P), Dickite may detrimentally influence relative permeability

measurement, causing fines movement as shown in Figure 4.5, and sometimes fines

movement and plugging as shown in Figure 4.6'
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As an example for the data sets collected, Table 4.1a summarizes the steady-state

relative permeability plugs for the Laminaria and Corallina fields from the Bonaparte

basin. This data set compromises nineteen core plugs. Due to the shortage in

wettability measurements for these plugs, the ratio of relative permeability endpoints

has been used as a wettability index, as shown in the last column of Table 4'Ia. In

Table 4.1b, depositional environments for all samples are listed, where the last

column is intended to comment on sample conditions with number of ageing hours

shown between brackets.

Table 4.la: A,Full Data Set from the Bonaparte Basin, Offshore Australia

Plug ID
ka¡s

(md)
ú

(frac.)
S.,n¡.

(frac.)

ko at
S*¡r

(md)

So.

(frac.)

kn at
So.

(md)

Wet.
Index

1 (c1) t34s 0.1 53 0.096 7t9 0.198 246 2.9

2 (C 1) t4tt 0.1s7 0.102 1 09 1 0.226 425 2.6

3 (cl) s57 0.166 0.187 477 0.1 89 118 4.0

4 (cl) 90 0.117 0.148 78 0.232 6.2 12.6

s (c1) 6s3 0.160 0.2r0 s39 0.1 89 214 2.5

6 (C 1) 93 0.185 0.2t7 79 0.193 59 1.3

7 (Lt) 103 0.t72 0.228 67 0.375 4.29 15.6

8 (L1) 904 0.161 0.105 84s 0.4s5 48.2 17.5

e (L1) 1434 0.155 0.094 r420 0.389 889 1.6

10 (L1) 179 0.196 0.210 16s 0.1 86 50
aaJ.J

11 (L 1) 600 0.110 0.111 530 0.198 300 1.8

t2 (Lt) 5.07 0.151 0.4s 1 2.72 0.141 0.95 2.9

13 (L1) 41.2 0.187 0.223 35 0.250 8.2 4.3

14 (Lr) 1985 0.142 0.076 t790 0.206 700 2.6

1s (Ll) 481 0.t74 0.r22 384 0.227 110 3.5

16 (L3) 1680 0.122 o.t42 1600 0.236 893 1.8

17 (L3) 190 0.t44 0.t7r 166 0.145 85.7 t.9

18 (L3) 565 0.170 0.150 406 0.t57 258 1.6

Well Notations: Cl: Corallina l;L2: Laminaria 2;L3:Laminaria 3st

l14
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Table 4.1b: Depositional Environments and Comment on the Bonaparte Basin Data Set

Plug
ID

k"b,
(md)

a
(frac.)

Depositional
Environments and

Facies
Comments

(
I

C1 )
t345 0.1 53 Transverse Bar

High Permeability / Intermediate So. (500
hrs)

2
(c1) l4ll 0.t57

Proximal Stream Mouth
Bar

High Permeability / Intermediate So. (500
hrs)

J
(c1) s57 0.1 66 Proximal Mouth Bar

Heterogeneous Plug / Intermediate So, (500
hrs)

4
(Ct¡ 90 0.1t7 Delta Slope Succession Clay Swelling / Intermediate S". (500 hrs)

5

(c1) 653 0.160
Proximal Stream Mouth

Bar
Heterogeneous Plug / Intermediate So, (500

hrs)

6
(ct; 93 0.1 85

Delta Slope or Lower
Shore Face

Heterogeneous Plug / Intermediate So. (500
hrs)

7 (LT) 103 0.172 Proximal Estuarine Heteroseneous Plug / High S"' (400 hrs)

8 (L1) 904 0.161
Fluvial & Proximal

Estuarine
Heterogeneous Plug / High S". (400 hrs)

e (L1) 1434 0.1 55

Stream Mouth Bar to
Proximal Estuarine

Channel
High Permeability / High S". (400 hrs)

10
(L1) t79 0.196

Point Bar to Stream
Mouth Bar

Intermediate S". (400 hrs)

11

(L1) 600 0.110 Fluvial Channel Intermediate S"' (400 hrs)

l2
(L1) 5.07 0.151 Interdistributary Bay Low Permeability / Low S". (400 hrs)

1 J

L 1 )
4t.2 0.1 87 Point Bar Channel

Low Permeabilify / Intermediate So. (400
hrs)

1 4
(L 1 )

1985 0.142 Fluvial Channel
High Permeability I CLay Swelling /

Intermediate S.. (400 hrs)

15
(L1) 481 0.t74 Fluvial Channel Intermediate So. (400 hrs)

t6
(L3) 1680 0.t22 Washover Fan

High Permeability I CIay Swelling /
Intermediate So. (500 hrs)

l7
(L3) 190 0.t44

Distal Stream Mouth Bar
Succession

Low So. (500 hrs)

18
(L3) 56s 0.1 70

Proximal Stream Mouth
Bar Succession

Low So, (500 hrs)
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The following overview comments may be made with reference to Tables 4.la and,

4.rb:

Absolute permeability ranges from 5 - 2000 mda

Porosity ranges from 1 I -20 percent

The typical Swi range is 12 - 20%

The typical So, range is 14 - 23%o,bttt some samples show elevated values

The wettabilify index (ratio of endpoints) tends to confirm that the (aged)

plugs tend to be slightly oil-wet.

More examples of data sets for Australian formations can be found below inTable 4.2

(the Cooper-Eromanga basin, onshore Australia) and Table 4.3 (low permeability

samples from the offshore Carnarvon basin, Australia).

In the next sections, relative permeability curves for the data set shown in Tables 4.1a

and 4.lb (the Bonaparte basin) are reviewed extensively using the modified Brooks

and Corey model. Based on this analysis, a new wettability matrix is introduced and a

new formulation for the modified Brooks and Corey model is developed. The new

formulation was applied to a number of plugs from Table 4.2 (the Cooper/Eromaîga

basin) and Table 4.3 (the Carnarvon basin)'

4.3 Relative Permeability Methodology and Wettability

Matrix

The methodology used to study relative permeability is summarized in Figures 4.7

a

a

a

a

ll6



chapter 4. Prediction of Two-Phase, water-oil Relative Permeability

through 4.11. These figures are illustrative of the process of smoothing, modifying

and integrating relative permeability curves, as noted inchaplet 2.

Original Results: Figure 4.7 represents the original relative permeability

measurements from a flooding experiment, normalized to absolute permeability at

Syyi¡, rïro€tstrred by the centrifuge method'

Modífying S,,.. Water flooding a plug often results in premature breakthrough due

to experimental conditions, with the resulting So, (usually) being too high' Sometimes

So. values are also elevated due to plugging, particularly when there is fines

movement. This means that So, from flooding experiments requires adjustment, an

industry established practice. One method is to plot normalized k,o versus normalized

So at different values of So., and by trial and error to choose the value that results in a

straight line (assuming the MBC methodology applies), as illustrated in Figure 4.8. It

should be noted that for some plugs the resulting analysis value of So. is larger than

the measured Sor. In such cases, the experimental So, value may be maintained, unless

there is additional knowledge which would support the higher value.

smoothing and Modîfying k¡curves: using the newly modif,red So., corey

exponents to oil and water may then be estimated and the entire relative permeability

curve may be smoothed as shown in Figure 4.9'

Integration of Experimental Results (Figures 4.10 and 4.11): As different tests

yield reliable results ovor a different saturation range, it is essential to integrate results

from various tests to obtain the final relative permeability curve. Stiles and Hutfilz

(Igg2) have recommended the following to be most representative:

o Waterflood tests: results over the low and intermediate water saturation raîge,

tl7



chapter 4. Prediction of Two-Phase, water-oil Relative Permeability

o Centrifuge kr tests: results over the higher water saturation range, disregarding

(in some cases) the last few data points' and

o Centrifuge P" tests: "true" residual oil saturation'

Table 4.2: A,Representative Sample of the Data set collected from the cooper Basin,

Onshore Australia

Plug
II)

kabs

(md)
a

(frac.)
S*i.

(frac.)

ko at
Sw¡r
(md)

So.

(frac.)

kn at
so,

(md)

Wet.
Index

Comments

1 (H) t7 0.1 85 0.235 13 0.267 J 4.3
Low Permeability /

Intermediate So'

2 (H) 85 0.207 0.235 77 0.249 l4 5.5
Intermediate So. / ClaY

Swelling

3 (H) 440 0.220 0.12r 4t9 0.322 100 4.2
High So. / Fines

Movement

4 (H) t320 0.1 84 0.101 1280 0.353 s4r 2.4
High Permeability / High

S.. / Fines movements

5 (H) 5.6 0.151 0.462 1.9 0.1 84 0.32 6.0

Low Permeability /
Intermediate So. / Fines

movements

6 (H) s64 0.196 0.113 s39 0.354 134 4.0
High So, / Fines

Movement

7 (H) 500 0.209 0.278 440 0.576 42 10.5
High So, / Fines

Movement

8 (H) 680 0.204 0.284 s90 0.s94 94 6.3
High So.. / Fines

Movement

e (H) 640 0.210 0.329 s60 0.544 55 10.2
High So. / Fines

Movement

10 (H) 2360 0.179 0.226 2170 0.657 650 3.3
High Permeability / high

Sn. / Fines movements

11 lH) 600 0.193 0.531 520 0.345 29 18.0 High So. / Fracture

12 (H) 2790 0.187 0.r32 1950 0.550 287 6.7
High Permeability / high

Sn. / Fines movements

13 (H) 256 0.201 0.209 249 0.330 44 5.7 High So. / Fracture

14 (H) 895 0.20r 0.1 36 575 0.380 239 2.4
High So. / Fines

movements

Formation Notation: H: Hutton Formation
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Table 4.3: A Representative Sample of the Data Set from the Carnarvon Basin,

Offshore Australia

Wells: F35M and F72M

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

û=14'2%

--

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

s*

Figure 4.7: A,Relative Permeability Curve Generated Using a Steady State

Plug ID
kabs

(md)
û

(frac.)
S*i.

(frac.)

ko at
Swir
(md)

so,
(frac.)

k' at
So.

(md)

Wet.
Index

Comments

1(F3sM) 2.92 0.260 0.661 t.20 0.130 0.34 3.5 Low Permeability

2 (F3sM) 0.91 0.231 0.6s3 0.32 0.130 0.07 4.4 Low Permeability

3 ß3sM) 4.3s 0.256 0.581 2.17 0.170 0.35 6.3 Low PermeabiliW

4 (F3sM) 2.29 0.249 0.643 0.81 0.1 80 0.05 1s.0 Low Permeability

s (F3sM) 2.81 0.249 0.557 1.59 0.1 80 0.14 tt.4 Low Permeability

6 G3sM) I 0.247 0.687 0.23 0.140 0.02 9.5 Low Permeability

7 G3sM) 7.88 0.278 0.580 4.28 0.220 0.27 t6.2 Low Permeability

8 ß3sM) 8.8 0.273 0.616 6.76 0.1 80 0.21 32.3 Low PermeabiliW

9 (F72M) 0.32 0.122 0.666 0.01 0.130 0.003 8.0 Low Permeability

Exoeriment
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0.01
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0.1 1
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0.001

k"o. = 1985 md

ö='14'2%

--r- So,. = 0.21

*So. = 0'2

* So, = 0'17

* So. = 0'15

*So. = 0'1

*So, = 0.08

Figure 4.8: Estimation of "True Residual Oil Saturation"

Figure 4.9: Smoothed and Corrected Curve Using MBC Model
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Figure 4.10: Integration of Centrifuge k,o and Steady State Curve
(Presented on Normal Scale)

Figure 4.ll: Integration of Centrifuge k.o and Steady State Curve
(Presented on Semi-Log Scale)
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Chapter 4. Prediction of Two-Phase, Water-Oil Relative Permeability

It would be desirable to integrate the mentioned results from tests on the same core

plug. However, experience has shown that core plugs are often destroyed after one

major experiment, particularly for cases of lesser consolidation and pore fill

(Behrenbruch, 2000)' For these types of conditions, experiments should be conducted

on twin plugs, cut from the same rock material, hopefully having very similar

absolute permeability and porosity. Figure 4.10 shows the f,rnal relative permeability

relationship plotted on a nofinal scale. For better visualization, the results are re-

plotted on a semi-log scale in Figure 4.1 1.

The same methodology has been applied to all plugs reported in Table 4'1, with the

results plotted in Figures 4.12 and 4.13. From these two plots it is clear that relative

permeability represents a complex function. In order to define a representative relative

permeability relationship, it is important to appreciate the geological attributes that

may affect a plug's Pore structure.

È

-

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
01020304050

s* (%)

60 70 80 90 100

/

Figure 4.12: Relative Permeability Curves for Data set in Tables 4.la and

4.1b (Water Curves)
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Figure 4.13: Relative Permeability Curves for Data set in Tables 4.la and

4.lb (Oil Curves)

As mentioned above, the MBC model is able to give a semi-quantitative indication of

wettability by considering no and n*. Based on the analysis applied to the data set

described here, being representative of intermediate wettability conditions, a modified

wettability matrix has been proposed, as shown in Figure 4.14, and summarized in

Table 4.4.

Table 4.4: A Proposed Wettability Matrix Based on Corey Exponents

Wetting Conditions 11o lÌw

Oil Wet (OW) 6-8 2-3
Slightly Oil Wet (SOV/) 2-6 2-4

Sliehtly Water Wet (SW{) 2-6 4-6
Water Wet (WW) 2-4 6-8
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.n5Á
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Figure 4.14:WetTability Classification Based on Corey's Exponents - Values

of S* at Intersection Point are Displayed

A comparison was also made with other wettability indicators. The crossing point of

relative permeability, expressed in terms of saturation, has been used as a relative

indication of wettability. This, so called Craig's rule states that the division is the 50%

saturation value: > s\yo, water-wet; < soyo, oil-wet' However, as indicated in Figure

4.14, where the saturation for the crossing point has been indicated for each point, the

latter does not agree with the defined wettability matrix using no and n*.

Some USBM wettability indices are available for the Laminaria and Corallina fields.

As these indices have been measured for different plugs, only an indirect comparison

is possible, choosing similar plugs. On that basis, USBM indices are displayed in

Figure 4.15 where similar plugs where available. As evident, USBM indices compare

favorably with Corey exponent-based wettability. Another good comparison is the
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ratio of end points with the exponent matrix (Table 4.1). Ageing hours are also shown

in Figure 4.15.

I
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5
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,l
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trw
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sow
(4, -0 131)o
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(5, .( .056)
(4)

(4 0.091) o'. (4
o 14ì

(4, -0.168)
ô

a
o

(5)
wvl

t5. -0

(4)-

t561.
, (5) .(s)

(5,0.151)
o o

(4,0.141)

5

(4,
. ILI

.0.03e)

Figure 4.15: Wettability Classification Based on Corey's Exponents,

(4:400 hrs; 5: 500 hrs) - Integration of USBM Indices

In conclusion, from the analysis results obtained, it is recommended that, in case no

quantitative wettability measurements are available, the ratio of endpoints and the

nomenclature of the wettability matrix proposed above (Figure 4.15) ate utilised in

accounting for wettability variation, rather than the saturation intersection point

(Craig's rule).

4.4 New ModifÌed Power Law Model

The methodology has been applied to different plugs reported in Table 4.1, and Figure

4.16 gives an example. As is apparent from this figure, a deviation exists between the
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predicted curve and original measurements. This discrepancy is largely attributable to

the fact that the MBC model considers k,o at S*i.. as a fixed reference point. This end

point is matched using the centrifuge technique for the data sets considered in this

study. However, centrifuge results are largely influenced by strong gravity forces,

while viscous forces are dominant in water flooding, characteristic of all other

measured data points.

To overcome this drawback, a new formulation is proposed as an alternative to the

industry accepted MBC method, taking absolute permeability as a reference rather

than the permeability at S*i.. The basis for the proposed approach is as follows:

1. Absolute permeability is a rock characteristic and it is a constant value

regardless of the phase used in the experiment. The standard method is to

measure absolute permeability by flooding.

2. For each phase, relative permeability may be considered independently

3. Ignoring roughness effects, each phase is assumed to flow from a saturation of

100% to its irreducible saturation.

4. The reference point for each phase is S : 1, k.: 1. This means the formulation

considers absolute permeability as an anchoring point.

5. The following equations for normalized fluid saturation for water and oil

respectively, may be defined:

,SW S .irS.n =
I S wir

t26
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Figure 4.16: Relative Permeability Results Predicted by MBC

By plotting normalized saturation vs. relative permeability, for each phase, a straight

line is observed, omitting the first point (k.o at S*¡. and k,* at So.). This line is found to

yield a similar corrected So,. value as the standard MBC model. The modified

expressions predicting water and oil relative permeability, respectively, are:

fl",

krw = (1
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{
skro = (1

so,
I - So"
o

)""
(4.4)

As an example see Figure 4.17 , for a comparison of results. From this figure it can be

concluded that the new algorithm matches the experimental results better over the

intermediate saturation range, when compared to the MBC method. However, not

surprisingly, the new formulation fails to match the value of k,o at S*;, (point "4" in

Figure 4.I7), as it is anchored at ko:1 and s*:0 (point "8" in Figure 4'17)'

However, the curves for the MBC method have to match point B. Some experimental

results have indicated that k,o values may exceed absolute permeability for very low

water saturation (schematically shown in Figure 4.17). This may be attributed to

variable roughness effects at low water saturation (between S* : 0.0 and S* : S*i.),

i.e. a small amount of water for rough textured grains tends to behave like a drag

reducer in a pipeline.

As already noted above, the failure to match þo at S*¡. may be attributed to the fact

that this point is measured using a different technique (centrifuge) rather than that

used for all other measured data points (flooding). In order to incorporate the endpoint

with the other data, the following approaches are suggested, (Figure 4.18):

1. Connecting the oil relative permeability at S*i, from the new formulation with

the measured oil relative permeability at S*i, from the experiment by a vertical

straight line.

2. Introducing a linear relationship between the experimental kro at Sv¡¡¡, and the

second point on the curve (k.o at second measured saturation), as there are no

measured points between the interpolated values'
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Figure 4.17: Comparison of New Formulation with MBC Model
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Figure 4.18: Different Approaches for Integrating the k.o Endpoint with
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3. Stretching part "A" of the curve to connect the endpoint using a linear

function. This would result in a new part of the curve, "8".

The new formulation and comparison with the standard MBC method is further

illustrated with two other data sets. Tables 4.2 and 4.3 summarize two data sets from

the onshore Cooper basin (Hutton formation) and the offshore Carnarvon basin,

Australia. Both Tables have a similar format to that in Table 4.1, except for

depositional environments. As evident from Table 4.2, some samples suffer from

heterogeneous features such as f,rnes movement and fractures. These features are more

pronounced on the water relative permeability curve than the oil relative permeability

curve (see Figures 4.7 and4.8). To note is that the absolute permeability of samples in

Table 4.3 is relatively low.

The results for a number of samples from the Cooper basin are presented in Figures

4.19 through 4.2!, and Figures 4.22 through 4.24 give results for Camarvon basin

samples. Absolute permeability (ku6.) and porosity (ó) are also noted in these figures.

From the analysis, and as indicated in the plots, the new methodology matches the

experimental results more accurately than the MBC methodology for samples with

high permeability values, specifically for the oil relative permeability relationships.

For low permeability samples, the MBC methodology appears to match experimental

values more precisely. However, a closer look at Figures 4.23 and 4.24 conftrms some

discrepancy between experimental results and the MBC methodology.
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Figure 4.19: Comparison between the New Formulation and MBC -

Sample 3 from the Cooper Basin, Hutton Formation

Figure 4.20: Comparison between the New Formulation and MBC -

Sample 1 from the Cooper Basin, Hutton Formation
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Figure 4.21: Comparison between the New Formulation and MBC -

Sample 2 from the Cooper Basin, Hutton Formation

Figure 4.22: Comparison between the New Formulation and MBC -

Sample I from the Camarvon Basin
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Figure 4.23: Comparison between the New Formulation and MBC - Sample

3 from the Carnarvon Basin
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4.5 The MBC Modet and the Mechanistic Relative

Permeability Model - Comparison Studies

Due to the regular employment of the modified Brooks and Corey model (MBC) in

smoothing and correcting relative permeability curves, this section presents a detailed

comparison study carried out to investigate the relative performance of both the new

methodology to predict relative permeability (equations 2.117 and 2.118 in Chapter 2,

also know as the new C-K relative permeability model) and MBC. Three different

approaches are explored. First, an attempt is made to find an analytical expression that

correlates both models. In other words, to investigate the possibility of finding an

analytical formulation between no (and/or n*) from MBC and mo (and/or m*) from the

new model. Secondly, a comparison was made using synthetic data' Lastly, a

traditional comparison using real data was conducted.

In summary, the comparison studies investigated used the following approaches:

1. analytical equations

2. noise-free data

3. actual laboratory/field data

4.5.1Comparison Study No. 1: Analytical Equations

In this approach, equations governing both models were studied in attempt to define a

linkage between them. The intention was to check the applicabilify of determining no

(and n*) as a function of mo (and m*) or vise versa'
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The MBC model may be summarised here for reference as follows'

krw 
-

k'r- t )"-
(4.5)

(4.6)

(4.7)

(4.8)

(4.8)

and similarly, for oil

n
o

Re-calling the new methodology (C-K relative permeability model),

2,sw swi,
krw l-ó"s* l-ó"sr¡,

rcraml û Q- s,) 1- S, so,

r- ø"(r- s,) r- ó"so,

2

kro
ka

For the new methodology, k*' can be determined considering equation 4.26

2k'*: t
L I

(1- so,

I- So,

Dividing equation 4.7 and4.8 re-arranging:
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krw sw I (t, Xt - ós w¡r )- (t,,, X - øt, )l
T;=[-%Jt J

,I (r-ø(t-so,X -ós*i,) 2

-so, - þS wir wtr -ø -so,

Simplifying and re-arranging equation (4.9)

2

1-Sw

(4.e)

(4.10)

(4.1r)

(4.t2)

2 r-ø 1-,S( or

,,

)) ^Sltkrw
I

krw 1-So, (t-ø,)

Taking a similar approach, the equation for oil may be derived:

('ø(kro
1-Sn,¡" l-ø(- s,)Y

2 1-S ))'wtr

kro

From equation 4.5 and 4.I1,

¡ '¡ll -2/rwtttt
\/

- l-øî-so,))2 sv/
l-Sor (t-Nà2

and for oil (equating equations 4.6 and 4.II)
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/ \n -2
[ì"
\.)

( 1-Sw
' tr2

t-ølt-s r,r))
1-S,,¡, l-øí- s,)2

The fact that equations 4.12 and 4.13 do not contain m* and mo confirms that m* and

mo are specific constants for each plug. Also, from the equations, it is clear that n*

and no are not constants and have dependency on water saturation. In order to

determine the range of variation for n* and no, a parametric study was conducted.

Table 4.5 indicates the range considered for values of /, S*;,, and So,. Combìnations

for a number of variables were studied, as shown in Table 4.5. For each case, no and

nw were then determined at the middle saturation values. Results obtained for no and

nw are shown in Figure 4.25 as a cross plot (no versus n*)'

Table 4.5: Parumetric Study: Ranges for r/, S*¡. and So.

Parameters Minimum (o/o) Maximum (7o)

Porosity (@ 5 35

Irreducible water saturation (S*¡) 10 60

Residual oil saturation (S"J 10 40

To further investigate the range for no and n*, two additional cases were considered,

with their results presented in Figure 4.26:

Porosity equal to zero

Porosity equal to unity

(4.13)
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The approximate range observed for no and nw is 2.5 - 3.4, increasing to 7 if porosity

is assumed to be unity. The same range was also evident for situations where other

saturation values were considered.

This range also corresponds approximately to the range of l, investigated by Brooks

and Corey in their original model, for the case of homogenous plugs (See Chapter 2,

equations 2.14, 2.15 and 2.16).In their paper, )'. was an indication of the degree of

plug heterogeneity (sorting). Hence, no and nw may be considered as measures of plug

heterogeneity. In other words, higher values for no and n* may be due to plugs being

more heterogenous (or faulty experimental procedure). Some researchers have also

indicated that the value of these exponents may be influenced by wettability.

Finally, no direct relationship could be established between no (and n*) and mo (and

m*).

Figure 4.25: Range of Distribution for no and n* as Obtained from Equations
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o Results obtained from range in Table 4.4

r Results for porosity = 0.0

a Results for porosity = 1.0
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Figure 4.26: Range of Distribution for no and nw as Obtained from Equations

4.12 and 4.13, for Porosity : 0.0 and Porosity : 1.0

4.5.2 Comparison Study No. 2: Noise-Free Data

To further show the similarities and differences bet'ween the models, a number of

experimental data sets were studied. In this approach the new model is used to predict

relative permeability curves form experimental measurements. The predicted curve is

then believed to be accurate and can act as a synthetic curve that is noise free. The

Modified Brook and Corey model was used to fit the data. Four different prof,rles

were compared:

1. Profile from the new methodology (synthetic curve)'

2. Profile from the MBC model implementing no and nw as constants

(conventional model, no and nw are obtained from log-log plot).
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3. Profile from the MBC model implementing n* and no as constants determined

by averaging n* and no obtained from equations 4.12 and 4.13 at different

saturation values.

4. Profile from the MBC model implementing n* and no as variables determined

from equations 4.12 and4.13, corresponding to different saturation values.

Three examples from the Bonaparte Basin (Tables 4.la and 4.lb) arc presented. The

results for each example are shown on a cartesian plot, as well as a semi-log plot

(Figures 4.27 Throlgh 4.3S). In these Figures, New Model refers to the new C-K

relative permeability model, MBC is the modified Brooks and Corey model.

From these figures and profiles the following could be observed

1. A very good match was found between prof,rles generated from the new

methodology and MBC using average no and n* obtained from the equations.

2. When using values of n* and no determined from equations 4. 12 and 4.I3 at

different saturations, the profile became identical to that of the new

methodology, as could be expected.
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4.5.3 Comparison Study No. 3: Actual Laboratory/Field Data

In order to obtain a more comprehensive coverage, and as a final test, the comparison

between the two formulations was extended to actual measured data on a variety of

core plugs.

Three samples, two from the Bonaparte Basin (Sample Tables 4.Ia and 4.1b), and one

from the Carnarvon basin (Table 4.3) were considered. For these comparisons, the

intermediate saturation range was fitted in case of the C-K relative permeability

formulation, with the aim to demonstrate the ability of the new model to predict

endpoints. For each sample, profîles are plotted on both normal and semi-log scale. It

may be concluded that (see Figures 4.39 through 4.44):

1. A good agreement exists between results obtained from MBC and the new

methodology.

2. Endpoint relative permeability predicted from the new methodology

demonstrates slight deviation from measured values. This is not the case with

MBC, as the latter uses endpoints as input and does not predict these.
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4.6 Summary and Conclusions

1. A new, modified formulation for the power law model (MBC) was presented.

This model uses relative permeability normalized to absolute permeability,

with the assumption that relative permeability for any phase is unity when

saturation is unity. The performance of the new model compares favourably

with the standard MBC model.

2. A number of options were presented linking effective permeability to oil at

S*i, to the relative perrneability curve.

3. A new wettability matrix, based on Corey exponents for oil and water, was

introduced and discussed.

4. A detailed performance comparison between the MBC model and the new C-

K methodology for relative permeability has been carried out. Three

approaches were investigated, using: analytical equations, noise-free data, and

laboratory experimental data for various cores from Australian fields.

5. Three comparison studies were carried out between the C-K relative

permeability formulation and the MBC formulation. No direct relationship

could be found between line slopes, mo and m* (from the new methodology)

and Corey exponents. It was found that Corey exponents have a dependency

on water saturation and are not constants. For homogenous plugs, no and n*

were found to vary in the range of 2.5 - 3.4. This is in agreement with the

range of the pore size distribution parameter (1") in the Brooks and Corey

model. Hence, no and nw are interpreted to be measures of the degree of plug
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heterogeneity (rather than wettability). In general, good agreement was

observed between the MBC model perforrnance and that of the C-K relative

permeability model.
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Chapter 5

Estimation of

Irreducible \Mater Saturation

5.L Introduction

The estimation of initial hydrocarbon reserves during held development planning is of

paramount importance. One of the requirements is the accurate determination of

irreducible water saturation (S*iJ, as a function of lithology and rock type, for a

particular reservoir. Furthermore, the determination of S*¡, is a requirement in order to

obtain the correct value of the maximum effective permeability to oil (kon'u*), which is

typically the reference value in creating representative relative permeability

relationships (Honarpour, et al., 1936). Residual oil saturation (S"J after

waterflooding, the target of enhanced oil recovery, is also directly affected bY S*i..

Moreover, the maximum effective permeability to water (k*-"*) is in fum controlled

by So., and these endpoint relative permeability values, specif,rcally their ratio, may be

taken as a quantitative indicator of wettability (Behrenbruch, 2000)'

The estimation of S*i. is then of main interest in the research presented in this chapter.

For this purpose, a number of modelling and calibration techniques have been

employed, including artificial intelligence modelling tools, such as artificial neural
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networks and genetic algorithms. A large database from Australian onshore/offshore

hydrocarbon basins is used for calibrating and validating these models, and a

performance comparison is made with some traditional models from the literature.

In summary, the main objectives of this study are:

To introduce a comprehensive methodology for developing ANN models

for predicting S*i.,

To investigate the ability of artificial neural networks, ANNs, to predict S*¡,,I

To investigate the relative importance of potential input parameters on

the prediction of S*i,,

To introduce a new semi-empirical model using the trapping constant concept

(Land, 1971) to predict s*i,. The model's calibration parameters were

determined using genetic algorithms,

To compare the performance of the newly established S*i. models with that of

conventional models,

To determine parameters that most influeflco Syyi¡, using sensitivity analysis

applied to both S*¡. models.

First, an overview of S*i, is given, from a theoretical and modelling point of view.

Artificial neural networks, ANNs, and Genetic Algorithms, GAs, are outlined.
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Finally, the newly estabtished models for the prediction of S*;.. are presented and

discussed.

5.2 lrreducible Water Saturation - An Overview

Torrey (1971) mentioned that it was not before the mid-thirties that engineers in the

petroleum industry started to consider and honour the existence of interstitial (or

connate) water saturation in hydrocarbon reservoirs, and to use this quantity in

recovery calculations.

In the oil and gas literature, there appears to be some confusion and misuse in

terminology, regarding irreducible, or residual, water saturation (S*¡r) and, initial, or

connate, water saturation (S*). The latter represents the water saturation profile in the

reservoir at the time of discovery, while the former is typically determined from

primary drainage capillary pressure experiments in the laboratory. The results of such

experiments characterize saturation profiles, decreasing from 100% water saturation

at the free water level, where capillary pressure is zero, to a minimum water saturation

value at a certain capillary pressure, which is equivalent to that found at the crest of a

particular reservoir. This minimum value is the irreducible water saturation (S*i,),

which is a function of the effective capillary pressure applied. It also represents the

first point on a relative permeability curve, where water relative permeability is zero

and oil relative permeability is a maximum. While this irreducible saturation depends

on the experimental conditions applied, it cannot be reduced further by

"conventional" means, independent of wettability (Henks, et aL.,1969).

Most researchers have described S*t. in terms of three functional groups: pore

characteristics, wettability, and capillary number (interfacial tension, viscosity and
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velocify). If it is assumed that rocks are initially water-wet and the effective range in

the capillary number is relatively small, then the variation observed in S*¡. is mainly

due to pore characteristics, a measure of which is the shape of the capillary pressure

curve. Investigating the influence of pore geometry oî Syy;¡, utilizing plugs from North

American and North Sea reservoirs, revealed the existence of a strong dependence

between Sw¡r atrd the relative volume of the smaller pores in a plug sample.

Additionally, it was found that the negative relationship between k¿65 and S*1. is not

universal (Coskun and Wardlaw, 1995). This means that the variation in absolute

permeability alone cannot satisfactorily describe the observed variation in S*¡.. A

more detailed characterization of rock is, therefore, necessary to describe the

variability of rock, as has been recently described for Australian reservoirs

(Behrenbruch and Biniwale, 2005; Biniwale and Behrenbruch,2004).

Returning to experimental conditiohs, S.''¡¡ is determined in most cases by centrifuge

experiments (industry standard), core flooding being the alternative method, where in

the former, gravitational forces dominate, and viscous forces in the latter.

Commenting further on wettability, almost all hydrocarbon-bearing formations tend to

be strongly water-wet before migration of hydrocarbons into reservoirs. However, at

the time of discovery, and due to the long ageing period under the influence of

reservoir pressure and temperature, together with the impact of specific fluid and rock

composition, wetting conditions may be altered, changing original reservoir

conditions to a state where a reservoir is less water-wet, and possibly oil-wet. It is

therefore important to discuss whether or not wettability has an effect or Se¡¡¡,

considering the amount and location of the water phase. In terms of the amount of

water, Poston et al. (1970) studied the effect of temperature on Sy¡¡ ovor the range 70 o
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- 300 o F. They observed that S*¡, increases with temperature. However, addressing

the influence of temperature does not, essentially, account for wettability, as it

disregards other major factors, such as pressure, ageing time and reservoir fluids. A

comparison between Swir nìeâsurements conducted on both fresh state (native

wettability) and cleaned and dried (increasing wettability to water) core plugs has

demonstrated that a change in wettability has no significant impact on the original S*i,

established during the early time of reservoir life (Swanson, 1980). Under some

conditions where core plugs contain delicate clays, the cleaning and drying process

may lead to severe damage of the pore structure, re sulting in a change in original plug

pore geometry. In such situations, it is advisable to measure S*¡, using fresh or native

plugs. The location of S*¡., on the other hand, is determined explicitly by wettability

conditions. In water-wet samples, S*¡, is manifested in a thin film of liquid spread

over the grain surface. In contrast, in oil-wet plugs, S*i. tends to reside more in the

centre ofthe pore space as disconnected droplets.

S*¡. is often used as a correlation parameter, for example, in the determination of

absolute permeability, as reported by Balan et al. (1995) and Mohaghegh er al' (1997).

More recently, Babadagli and Al-Salmi (2004) have reviewed permeability prediction

models. They classihed all models by three categories: models based on pore and

grain properties, models as a function of percolation and fractal concepts, and models

derived from well log parameters. Models such as the Timur equation and the model

by Coates and Denoo are considered to belong to the first group, and use S*1. in the

estimation of kuu.. Fernandez et al. (2003) reported generalized forms of the Timur

equation and the Coates and Denoo model, as a function of the cementation factor (m)

and saturation exponent (n). Similar models, for instance the Tixier model and the

Sheffield model, may also be considered, as reported by Balan et al. (1995).
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Other mathematical models have attempted to quantify S*¡ explicitly. Coskun and

Wardlaw (1994) estimate Swir €tS a function of the pore type (small and large) and

quantity (distribution) within a plug, while Udegbunam and Amaefule (1998) used the

concept of the Flow Zone Indicator, FZI, to account for the variability in S*i...

In this chapter, alternative approaches to predict Syy¡¡ woro investigated and artificial

intelligence tools were used for this purpose. Of theses tools, artifltcial neural

networks (as modelling techniques) were investigated first, where a genetic algorithm

(used as a global searching mechanism) was utilized to calibrate the S*;,, semi-

empirical model. A quick overview of the theory of artificial neural networks and

Genetic Algorithms is briefly outlined in the next section.

5.3 Artifïcial Neural Networks (ANNs) - An Overvie\ry

The aim of this section is to the present basic concepts and features of ANNs. A

detailed description of ANNs is beyond the scope of this chapter. For a

comprehensive explanation, the reader is referred to references by Ztrada (1992),

Masters (1993), Fausett (1994), Mohaghegh (1995), Mohaghegh and Ameri (1995),

and Mohaghegh (2001).

Nikravesh and Aminzadah (2001) stated that "Intelligent techniques such as neural

computing, fuzzy reasoning, and evolutionary computing þr data analysis and

interpretation are an increasingly powerful tool for making breakthroughs in the

science and engineering fields by transþrming the data into inþrmation and

info rm at ion int o lmow I e d ge."
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Artificial, or virfual, intelligence tools for modelling pufposes are relatively new in

petroleum engineering. The umbrella of Artificial Intelligence, AI, covers tools such

as Artificial Neural Networks (Mohaghegh, 2000), ANNs, Genetic Algorithms

(Mohaghegh, 2000a), GAs, and Ftzzy Logic (Mohaghegh, 2000b), FL. In principle,

AI tools obtain their modelling approach by mimicking some basic features of human

biological systems. The reason that ANNs have found their application in petroleum

engineering may be attributed to their ability to solve complex, non-linear problems

associated with multi-dimensional solution surfaces. In some cases, ANN models

have provided better solutions, outperforming models created by employing

conventional statistical and regression analysis (Masters, 1993).

The history of ANNs commenced in 1943 when McCulloch and Pitts wrote a paper

on how a neuron works. They modelled a simple neuron network using electrical

circuits. However, real progress was not made until the introduction of the

backpropagation algorithm in 1986 (Rumelhart et ã1., 1986; McClelland and

Rumelhart, 1988).

The foundation of ANNs as a modelling technique relies on the operational principles

of the Human Natural Neural Network (HNNN). The main building element in a

HNNN is the biological neuron. A biological neuron, as schematically presented in

Fig.5.1(a), consists of three main parts: dendrites, cell body or soma and axon. A

biological neuron receives signals of an electro-chemical nature from the surrounding

neurons, where signals are transmitted via dendrites. After summation of all receiving

signals in the soma, the new combined signal is transmitted via the axon to other

neighboring neurons of the system, provided the signal is strong enough. This

mechanism allows the human brain to think, leam and communicate'
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ANNs perform in a similar manner to HNNNs. The main building component of

ANNs is the artificial neuron, also referred to as the processing element (PE) or node.

As shown in Fig. 5.1(b), a PE receives its input in the form of numerical signals from

other PEs. Each connection is assigned an adjustable value called a weight. Weights

may be either positive, negative or zeto. A value of zero represents no connection,

while negative values represent a prohibitive connection. Each signal is multiplied by

its corresponding weight, weighted signals are summed, and a bias value may be

added. The final summation is then presented to a non-linear activation function. The

ouþut of the activation function determines the PE response, which propagates as an

input signal to other neurons. PEs are usually arranged into three types of layers: an

input layer, one or more hidden layers and an ouþut layer (Fig. 5.2). Each PE in a

given layer is connected either fully or partially to PEs in surrounding layers. The

incorporation of such a large number of connection weights and biases allow ANNs to

offer more degrees of freedom and the ability to address complex problems in a better

way than conventional approaches.

Figure 5.1(a): Basic Components of a Biological Neuron
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Figure 5.1(b): Basic Components of an Artificial Neuron

Figure 5.2: A Typical Multi-Layer Neural Network
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ANNs operate in a similar manner to traditional statistical regression analysis, in the

sense that they require historical experimental (more generally, numerical) data sets to

create a model that represents the relationship between system input and

corresponding output. The main aim in both modelling approaches is to minimize the

error between predicted and desired output.

ANNs are calibrated (trained) by being presented with frequent examples of the

input/output relationship under consideration. There are two learning modes for an

ANN: supervised and unsupervised. In the supervised learning mode, both input

stimuli and the corresponding ouþut have to be presented to the network. The

network is then prompted to produce its output. The error, or difference between the

desired and actual network output, is then minimized by adjusting the weights and

bias values, and by employing a certain training algorithm, the most popular of which

is the backpropagation algorithm. More recently, other approaches, such as genetic

algorithms, have also become popular. The network weights and biases can be

updated after presenting each input record or after presenting the entire data set. In the

unsupervised learning mode, the network is presented with data sets that contain input

records and no corresponding output. Accordingly, input records are the only source

of information used to update weights and biases.

The development of an ANN involves two phases, training (or calibration) and

validation. This requires that the available data are divided into two subsets. The first

subset is used in training the network until no fuither improvement is achieved, while

the second subset is used to check the performance of the network. Calibrating a

network in this fashion may produce a network that over-fits the training data (solid

line in Fig. 5.3), leading to poor performance on the validation set. A very high degree
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of correlation over the training set, in combination with a lesser degree of correlation

over the testing set, may be an indication of over-fitting. To overcome this problem, a

modified approach is employed where the data set is split into three independent

subsets: training, testing and validation. As before, the training set is used to calibrate

the model, while the testing set is assigned to check the model performance at

different stages during the calibration phase, with the validation set being reserved for

the final assessment of the model. As conceptually shown in Fig. 5.3 (dashed line),

model calibration continues as long as both effors over training and testing sets

decrease. Training is terminated when the error over the testing set increases.

Figure 5.3 : Cross-Validation
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means a network develops its knowledge of the underlying relationship from the

different patterns contained in the training data. Basically, such knowledge is

accumulated and stored in the final values of the weights and biases.

Regardless of their generally superior performance, ANNs are often criticized for

being "black boxes" and less transparent. This leads to the conclusion that the nature

of the knowledge gained by the network to solve the problem under consideration is

not understandable in a straightforward manner. Howevef, a group of analysis

techniques have then been published in the literature in an attempt to make ANNs

more transparent. Garson's method (Garson, 1991), the sensitivity analysis (Lek, et

al., 1996), the stepwise method (Maier, et al., 1998) and the randomization method

(Olden and Jackson,2002) are some of these techniques.

More on the Artiflcial neural networks theory will be discussed when presenting the

methodology employed for creating the S*i, predictor network.

5.4 Genetic Algorithms - An Overview

Genetic Algorithm searching techniques (GAs) have been used extensively and have

been found to perform well in the field of performance optimization. However, in

recent years, they have also been considered for mathematical models that require

determination of tuning parameters. Due to space limitations, a comprehensive

coverage of GAs is not given here. For an overview, the reader is referred to Beasley

et al. (1993); Goldberg (1989); and Stender (1993).

GAs attempt to emulate human reproduction stages and, ultimately, are inspired by

Darwin's theory of survival of the fittest. Hence, it is not surprising that GAs use
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biological terminologies such as population, chromosomes, crossover and mutation.

For the biological system, each chromosome consists of a number of genes that are

responsible for the wide variety of characteristics exhibited by people, for instance

height and eye color. During the reproduction phase, both crossover and mutation take

place, resulting in new chromosomes, holding combined characteristics.

Based on these principles, Holland (1975) introduced the basic concepts of GAs. The

technique uses a searching mechanism, commencing with an initial population (set) of

chromosomes (solutions) and, by applying genetic operators, these solutions are

evaluated and updated. For brevity, Fig. 5.4 reviews the methodology and operators of

GAs. The following paragraphs further outline the modelling sequence.

Before proceeding with the modelling stages, parameters such as population size,

selection scheme, crossover rate, mutation rate, and termination of the process have to

be specified. Subsequently, the initial population is generated and each chromosome,

in some way, is assigned initial values that represent knowledge about the target

solution. The initial values can either be real values or binary encoded values.

Thirdly, the strength of each chromosome is estimated, after which the genetic

process commences, frequently checking the termination criterion. This process can

evaluate each available solution on an individual basis. According to their fitness, two

chromosomes (parents) are selected for further consideration of crossover and

mutation in order to create new offspring. A number of methods to select parents

based on their fitness are proposed in the literature such as roulette wheel selection,

tournament selection and rank selection.
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The step following selection is crossover, which can take place at one point or at

multiple points. Assume the following two binary encoded chromosomes:

Chromosome 1 1111

Chromosome 2 0000

A single point crossover after the second digit (for instance) and swap between both

chromosomes will result in the following offspring:

Offspring 1 1100

Offspring 2 001 1

The offspring produced from crossover can then be randomly mutated by changing

arbitrary digits from I to 0 or vice versa. The fitness of the newly mutated

chromosomes (offspring) is compared with the chromosomes of the previous

generation, using a pre-determined objective function, with the best being returned to

the population. Such steps are repeated until the stopping criterion is met. Performing

such a process may allow GAs to produce a better solution (not necessarily the

optimal solution) than when more conventional approaches are used, which are more

likely to result in solutions becoming trapped in the nearest accessible local minimum

of the solution space.
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Figure 5.4: Genetic Algorithm Flow Chart

5.5 Data Availability

The new models described were developed using an extensive data set (more than 400

data points), collected from Australian offshore and onshore hydrocarbon basins:

Bonaparte, Carnarvon and Cooper/Eromanga. The dafa set contains S*i,

measurements from primary drainage experiments conducted on cleaned and dried

plugs. The plugs collected are of good quality and vary from non-clean to relatively

clean sandstone with porosity ranging (on average) from as little as 5o/o to a maximum

of 40%.It should also be noted that some of the Australian formations tend to exhibit

a considerable degree of diagenesis, often resulting in clay-filled pores'
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There are a number of reasons why measured values of porosity, absolute

permeabitity and irreducible water saturation in the laboratory may be prone to error.

The type of experiment and utilization of the same plug for different measurements

may influence the quality of the obtained values. As a directional measurement,

absolute permeability values may be different when fluid is injected parallel to the

bedding direction or normal to it. Moreover, for the case of using gas for measuring

permeability, a Klinkenberg correction must be applied. Expressed as a percentage of

a specific value, data may typically contain the following maximum effor: 5%o for

porosity, l0o/o for permeability and 5o/o for irreducible water saturation.

For each S*ì, value, the following corresponding parameters are also available:

maximum capillary pressure (P"*), entry or threshold pressure (P""), water saturation

at entry pressure (S*"), reservoir quality index (RQI), porosity group (PG), and log

flow zone unit indicator (log FZI). As mentioned before, definitions for RQI, PG and

FZImay be given as follows:

k
RQI : 0.0314 (s.1)

ø
r-ø (s.2)

abs

ø

PG

RQI

PG
FZI
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where

kob, : absolute (air) permeability (md)

ø : porosity (fraction)

0.0314 : conversion factor

5.6 Development of S*i, ANN Model Stages and

Methodology

The first and foremost objective in designing aîy prediction model is to develop a

model that is capable of solving the problem under investigation to a desired degree of

accuracy. In order to accomplish this goal when developing a neural network model, a

number of steps in the model development process need to be considered. These

steps, summarized by Maier and Dandy (2000) and employed by Shahin et al. (2002),

will be considered in developing an ANN model for the prediction of S*¡, as follows:

Determination of model inputs

Data handling and preprocessing

Data division

Network architecture design

Weight optimization (training)I

I Stopping criteria
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Model validation

5.6.1 Determination of Model Inputs

Understanding the influencing input parameters is of primary concem when

developing ANN models. Introducing more input parameters than required will result

in a large network size and consequently decrease learning speed and efficiency. The

determination of relevant input parameters may be achieved by considering the

following:

1. Approximate physical principles/formulation and related influencing

parameters

Understanding of the above may be sufficient in the case of relatively few input

parameters. However, in some situations, the number of potential model inputs is

large and their relative influence is perhaps less well understood. In such cases, the

following approaches may be considered:

2. By training alternative networks with different combinations of input

parameters and selecting the inputs that result in the best model performance,

3. By utilizing genetic algorithms or other optimisation techniques to determine

the subset of potential inputs that results in the best model performance,

4. By employing statistical dependence measures, such as correlation or mutual

information, to determine the significant model inputs'
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For the estimation of Sryi¡ in the cuffent research, the first approach is used, as the

number of potential model inputs is limited. The following parameters are believed to

demonstrate the most significant influence oo Swiri reservoir quality index (RQI),

porosity group (PG), flow zone indicator (FZI), the maximum capillary pressure (P"'")

applied, the entry pressure or threshold pressure (P""), and the entry water saturation

at entry pressure (S*"). Input parameters are thus based on three geological factors

that are functions of both porosity and permeability. The other three parameters are

basically the outputs of primary drainage capillary pressure experiments.

Laboratory capillary pressure measurements and associated maximum capillary

pressure reflect the fluids used in experiments, and may also be scaled to reservoir

conditions. Normally, airlwater or oil/water systems are preferred, and this study

exclusively used such data.

Principally, the determination of the integration parameters RQI, PG andFZI is based

on knowledge of k¿65 and þ fuom core plugs. Howover, the use of the integration

parameters over the conventional core parameters is preferred, as the former tend to

give superior results in characterizing different depositional environments and flow

zone units within a reservoir (Behrenbruch and Biniwale, 2004). Furthermore, FZI

may facilitate and provide an alternate technique to predict capillary pressure versus

saturation profiles when included as a fitting parameter (Udegbunam and Amaefule,

1ee8).
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5.6.2 Data Handling and Preprocessing

Before supplying the available data to the neural network, it is crucial to pre-process

the data. Data pre-processing helps to speed up the learning process and ensures that

every parameter receives equal attention by the network, improving overall network

performance. Pre-processing involves two fundamental elements: data scaling and

data transformation.

It is always necessary to scale the output parameter so that it is within the limits of the

activation function used in the output layer. Scaling the input parameters is not as

important as scaling the ouþut data. However, it is generally recommended to also

scale the input data.

Data transformation has been found to be useful in some studies (Fortin, et a1.,1997;

Shi, 2000), but not in others (Faraway and Chatfield, 1998)'

In the current study, the available data have been normalized into the range of 0 to 1

using the following equation:

(" "mtn (5.4)x-
nor

where

Xnor

Xmin

Xmax

x

rmax -tmin

: normalized value

: original lower limit

: original upper limit

: original value

t72



Chapter 5. Estimation of Irreducible Water Saturation

However, the data were not transformed. Table 5.1 summarizes the range for all

parameters considered in the current study'

Table 5.1: Calibration Range Considered for All Input and Output Parameters

Parameters Minimum Maximum

RQI 0.007 8.562

PG 0.064 1.564

LogFZl -2.160 1.380

P.-, psia 25 965

P.u psia 15 127

S.,n., fraction 0.103 1

Srr¡., fraction 0.042 0.955

5.6.3 Data Division

As mentioned before, ANNs belong to the class of data-driven models. This means

that the available data play a crucial role in the development of the model.

Consequently, careful consideration needs to be given to the way the available data

are used in the development of the model. In most petroleum engineering

applications, it is common practice to split the available data into two subsets; a

training set and a validation set. The training set is used to calibrate the model, while

the validation set assesses the model and provides insight into performance. However,

this technique of splitting the available data may result in a model that over-fits the
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training set. As an alternative, a modified approach to split the available data is

considered. As already mentioned above, this "cross validation" approach requires

splitting the data into three representative subsets: a training set to calibrate the model,

a testing set to evaluate the calibration process at different stages and a validation set

to finally assess the performance of the calibrated model. Fig. 5.5 illustrates the

predictive behaviors of the two alternative models; one that is able to generalize over

the domain of the available data and one that is overtrained (i.e. has memorized the

calibration data). Currently, there is no absolute rule regarding the relative size of

each of the three data subsets (i.e. training, testing and validation) that can optimize

model performance.

Z
o

o o

o

o

X

Z

X

Figure 5.5: Generalization (Left Plot) versus Memorization (Right Plot) Behavior

Another important point to consider is that the available data should be divided into

the three subsets in such a way that each is representative (in a statistical sense) of all

available data (Masters, 1993). This may be achieved by randomly grouping the
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available data so that the three sets have the same statistical properties: average,

median and standard deviation.

Another point of consideration is that ANNs, like other statistically based models,

generally only perform well when interpolating within the data range they are

provided with during the calibration or training phase. For that reason, the maximum

and minimum values for each input parameter, as well as each output parameter, have

to be contained in the training set.

A final aspect is the ratio between the degrees of freedom of the model and the

number of data points in the training set. If the number of model parameters (weights

and bias) is large compared with the number of data points in the training set, the

model can easily lose the ability to generalize, which might lead to overfitting of the

training data set.

For the S*i, ANN model, the cross validation approach is employed. The available

data are split into three statistically consistent subsets. V/ith this purpose in mind, a

number of different combinations of the available data were examined until

statistically consistent subsets were obtained. The statistical measurements considered

to judge the different combinations of data were the average, median and standard

deviation. The statistical properties of the three subsets are given in Table 5.2. As can

be seen from the table, data grouping was successfully obtained with close statistical

measurements
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5.6.4 Network Architecture Design

Once the available data have been pre-processed and split into representative subsets

(i.e. training, testing and validation), the network architecture has to be determined;

the number of hidden layers and how many hidden neurons per layer are required.

The number of neurons in the input and output layers are quite simply determined,

reflecting the number of input and output parameters. The literature gives no universal

guidelines for determining the optimal number of hidden nodes. However, a number

of rules of thumb and results from empirical trials provide useful guidelines.

Hidden Løvers: It has been stated that a network with a single hidden layer and

sigmoidal transfer function is able to model any continuous relationship (Hornik, et

al., 1989). The use of two hidden layers has also been investigated, and it has been

suggested that a network operating with two hidden layers may be more flexible in

learning both local and global characteristics obtainable from the training daTz

(Chester, 1990). However, from an overall performance point of view, it is believed

that a network with more than one hidden layer will take longer to train and is more

likely to become trapped in one of the local minima in the solution space (Zttada,

1992). Consequently, a network with one hidden layer is used in this study.

Hidden Neurons: As stated above, the number of processing elements in the input

and output layers are a function of the number of model input and output parameters,

respectively. However, the choice of the number of neurons in the hidden layer is

rather more complicated. Shahin (2003), summarized the following set of guidelines

from the literature:
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Parameters
Input / OutPut

Training
Data Set

Testing
Data Set

Validation
Data Set

RQI

Average 1.47 1.s 1 t.44

Median 0.84 1.06 0.69

Standard Deviation t.s7 t.43 1.68

PG

Average 0.26 0.26 0.23

Median 0.25 0.25 0.24

Standard Deviation 0.11 0.07 0.06

LogFZl
Average 0.4 0.5 0.4

Median 0.6 0.6 0.5

Standard Deviation 0.62 0.65 0.61

P.-

Average 192 190 210

Median 75 75 70

Standard Deviation 248 255 283

P."

Average 20 19 20

Median I6 r6 16

Standard Deviation t4 10 13

srr"

Average 0.7 0.7 0.7

Median 0.7 0.8 0.8

Standard Deviation 0.24 0.23 0.25

S."i.

Average 0.3 0.3 0.3

Median 0.2 0.2 0.2

Standard Deviation 0.22 0.22 0.22

Chapter 5. Estirnation of Ineducible Water Saturation

Table 5.2: Statistical Properties for Training, Testing and Validation Data Sets

1. The number of hidden neurons should equal approximately 75%o of the

total number of the inPuts,
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2. The number of hidden neurons should be somewhere bet\Meen the sum and

the average ofthe input and output neurons.

3. The optimal number of hidden layer nodes can be obtained by starting

with a relatively large number of neurons and reducing the number of

neurons one by one until there is a significant reduction in model

performance.

4. The optimal number of hidden layer nodes can be obtained by starting

with a single neuron and increasing the number of neurons one by one

until there is no further significant improvement in model performance

(constructive aPProach).

5. The number of hidden neurons should be equal to (2n+1), where n is total

number of inPut Parameters'

In the development of the ANN for predicting S*i., the optimal number of hidden

nodes is determined using a constructive approach. In such approach, the network was

designed with a single hidden neuron. The number of neurons was slightly increased

until no significant improvement in the network performance could be obtained. To

evaluate the performance of the different networks, the correlation coefficient, root

mean square enor and mean absolute eltor were considered (equations for these error

measurements are given below).

Actìvation Functions: Typically, every neuron in hidden layers and the output layer

has an activation function. Generally, activation functions are non-linear in nature' It
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is common practice that all neurons in the same layer have the same non-linear

activation function. The most popular functions in use are:

The hyperbolic tangent function, which takes the form/(x)=
x-xe-e
x -x+e

The function presents results in the range 1 to -1

1

The logistic sigmoid function, which takes the form /(x) with a

I+e-x

corresponding output range between 0 to I

where e is the natural logarithm.

5.6.5 Weight Optimization (Training)

Once the neural network architecture has been determined, optimal values of all

connection weights and biases have to be estimated, where optimality is defined as the

minimum error between actual and predicted model outputs. The most popular

searching algorithm is the backpropagation algorithm, which is based on a first order

gradient descent algorithm. Other optimization algorithms, such as genetic algorithms,

may also be utilized. This step is equivalent to the estimation of coefficients and free

terms in conventional modelling methods.

The backpropagation algorithm is used in this study in an attempt to estimate final

optimal weights and bias values.

e
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5.6.6 Stopping Criteria

Once the network is optimally trained, the calibration phase has to be completed. A

number of stopping criteria can be used to tetminate training. In the case of having the

data split into only two subsets, training can be stopped after the error on the training

data reaches a pre-determined minimum value, or after presenting a pre-determined

number of training stimuli. If the cross validation approach (Stone, 1974) is used, the

testing set can be used to determine the optimal time to stop training, as it examines

network performance at different stages of learning on an independent data set. As

part of this approach, training is continued as long as both training set and testing set

effors decrease. When the testing set error starts to increase, the calibration phase

ceases, as shown in Figure 5.3.

5.6.7 Model Validation

Validation of the ANN model is the final stage in the development sequence. An

independent data set is used for this pu{pose, in order to check whether the model has

the ability to generalize or has just memorized the specific features contained in the

training data. If the model is believed to perform adequately on the validation set, it is

then ready to be used in "real-world" situations. To facilitate assessment of the

model's generalization ability, a number of error measures may be considered. The

most popular set of error measures are the mean absolute error (MAE), the root mean

square error (RMSE) and the correlation coefficient (r).

The equation for r may be written as follows (Shahin, 2003),
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r (5.s)

(s.6)

(s.7)

(s.8)

(s.e)

(s.10)

where,

i-d)

n
b¡- pYt

i.:1opi--

I

p

n-l

n
þ, -rYI

i=1od

n

ì

n-l

pi
I
n

In
MAE =- t

n i-r

n

I
di

1d
n

and equations for both MAB and RMSE are:

-d
I

p
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2

RMSE (s.12)

where

p¡ : predicted output bY ANN

d¡ : original or desired outPut

C : covariance between desired output and predicted output

6pi : standard deviation of the predicted output pi

odi : standard deviation of the desired output d;

p- : mean of the predicted outPut P;

d : mean of the desired ouþut di

¡z : number of data cases

These error measures determine how good the predicted values are with respect to the

original or the desired values. Values of r of 0.8 or more represent a strong

relationship, whereas values of 0.2 or less indicate poor relationships (Shahin,2003)'

: ,a_,(0,-o

5.7 summary of ANN Model Development Process

Adapted

The key points associated with the development of the ANN model for predicting S*¡,

as part of this research may be summarized as follows:

1. A large data set was assembled from Australian onshore/offshore hydrocarbon

basins.
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Z. The selection of the input parameters was based on a theoretical understanding

of the underlying input/output relationship. Table 5.1 shows the range of data

considered.

3. The available data were divided into three statistically consistent data subsets:

training, testing and validation. This would ensure that all the data sets are

representative of the same statistical population (Table 5'2).

4. The cross validation stopping criterion was employed to avoid over-fitting'

5. A network with a single hidden layer was used'

6. A constructive approach was used to determine the optimal number of hidden

layer nodes.

7. Connection weights and biases were optimized (trained) using the

backpropagation algorithm.

8. Model performance was assessed using three different error measures: MAE,

RMSE and r.

All ANN models were developed using the commercially available software package

NEUFRAME (version 4).
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5.8 ANN Model: Results and Discussion

A number of attempts were made to determine the optimal network to predict S*¡,.

The results obtained are summarized in Table 5.3, where each model has been

assigned an identification number (ID), consisting of three parts. The first part,

represented by the letters "Sw", is common to all models and stands for water

saturation. The second part is a single figure indicating the number of hidden neurons

considered for each model. The last part of the ID consists of two letters, symbolizing

the activation functions considered in the hidden layer and the output layer,

respectively. In the table, the letter S stands for the logistic sigmoid function, where

the letter T is short for hyperbolic tangent function.

The results in Table 5.3 indicate that all models perform well, with high correlation

coefficients (87o/oto89%,),lowRMSEs(0.101o0.11)andlowMAEs(0.081o0.10)'

Based on performance on the test data, it was decided to select models Sw6SS,

Sw2TT and Sw2ST for further consideration as they have higher correlation

coefficient (r) and lower root mean square enor (RMSE) and mean absolute error

(MAE). In terms of network geometry, one may select either Sw2TT andlot Sw2ST

over Sw6SS as the best S*i, ANN model, as the first two mentioned are represented

by small network architecture with only 2 hidden neurons.

In order to assess the utility of the ANN models developed, a comparison with three

conventional models was conducted, the results of which are given in Table 5.4' The

same effor measures as those used for the assessment of the ANN models are

employed for the comparison. The three conventional models considered include:

Tixier's model (Aguilera and Aguilera, 2002), Timur's model (Shang, et al',2003)

and Coates' model (Mohaghegh, et al., t997; Babadagli and Al-Salmi, 2004). While
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these models were developed for the determination of absolute permeability, ku6., they

can be re-arranged to estimate S*¡r. These models are represented by the following

equations:

Table 5.3: Summary of ANN Trials Designed in the Current Study

Nomenclatures

No. of Neu
Act. Fun.
Tra. Set

Tes. Set

Val. Set

r
RMSE
MAE

Number of Neurons
Activation Function
Training Set

Testing Set

Validation Set

Correlation Coefflrcient
Root Mean Square Error
Mean Absolute Error

Model lD

Hidden Layer Output Layer
Performance Measurments (r, RMSE and MAE)

f RMSE MAE

No. of
Neu.

Act.
Fun.

No. of
Neu.

Act.
Fun.

Tra.
Set

Tes
Set

Val.
Set

Tra.
Set

Tes,
Set

Val.
Set

Tra.
Set

Tes.
Set

Val.
Set

SW1 SS S 1 0.91 0.88 0.80 0.10 0.'11 0.13 0.u / 008 0.10

Sw2SS 2 !' 1 S 0.91 u.öö Uð1 0.09 0.11 013 0.07 0.0u U.1U

:'w3i'5 s ,l S 0.91 O.EU UöO UU9 u.11 0.'13 0.07 0.06 o.1u

Sw455 4 S 1 :j 0.90 0.89 0.79 0.10 0.11 u.14 007 0.08 010

SwSSS S 1 0.90 0.89 0.78 010 010 u.14 u.uö 0.08 0.11

Sw6SS tt S 1 s u.91 0.89 0.81 0.09 0.10 013 o.ut U U¡/ 0.10

SWTSS 7 1 S 0.90 0.ö9 u. /v 0.10 0.10 o.14 007 U.U8 U1U

SwITT 1 1 T 090 0.8 / u. /9 u.15 0.'17 o.17 o.12 o.14 0.14

l'wzt I 2 T 1 0.92 0.89 0.u3 0.u9 u.11 012 0.09 0.'11 o.12

SW3I I J T 1 0.91 087 o.a2 0.10 011 u.13 0.07 008 0.10

Sw4TT 4 T 1 T 0.91 0.88 o.82 0.'10 0.11 013 u0t 0.08 009

SwSTT
,| T 0.91 UUU o.a2 009 011 0.13 0.u / U.Uö U.U9

Sw6TT 6 T 0.9'l 089 0.82 U.U9 010 0.'13 0.07 uo8 u.u9

5w/ il 7 T T 0.91 0.6E 0.42 U.U9 u.11 0.13 007 0.0E 0u9

sw15l ,| S 089 087 0.76 015 u1t u.19 0.13 0.15 0.16

SWzS I z u.91 0.88 o82 0.09 0.11 u.13 U.U ¡/ 008 0.09

Sw3ST 3 S T 0.91 088 0.8't 0.09 0.'t1 0.13 0.ut U.Uð 0.10

Sw4ST 4 5 T 0.91 0.öö 0.81 0.09 0.11 013 007 0.u8 UlU

Sw5ST s I T 091 088 U.UU 010 0.13 0.07 008 0. 1u

5wb5 I 6 S 1 T 0.91 O.EE 081 U.U9 u.11 0.13 0.07 008 u.10

SW/S I 7 S 1 0.91 0.89 0.80 0.10 u.1u u.'t 3 007 0.08 0.10

swlls 1 T 1 s u.91 0.87 0.81 0.10 011 u.13 U.U/ 008 0.'t0

SW2TS 2 T 1 s u.91 u.ð9 082 0.09 0.10 013 U.UI U,UI 0.09

SW3TS 3 1 S 0.92 U.E9 u.ó2 0.09 0.10 o.12 0.07 ot¿t u.u9

Sw4TS 4 I 'l S o.92 0.E9 0.63 UU9 0.10 o.12 007 0.0E 0.09

5w5t5 E T 1 o.92 089 0.E3 U.U9 u1u 0.12 0.07 008 0.09

Sw6lS 6 T 1 0.92 0.89 083 0.09 0.'t u tJ 12 UU/ 0.08 009

SWTTS T 1 !i u.9z 0.83 0.09 010 0.12 0.09
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3
ø250

Tixier's model: S r¡, rl2k abs

ø
Timur's model: S

2.25

(s.13)

(s.14)
00I

wtr tl2
absk

2
rcÙú

Coates's model: S
wff

(5. 1 s)
rl2
abs

2
k +r00 ø

where þ is ttte sample porosity and ku6. is the absolute permeability

The results obtained indicate that the S*i, ANN model outperforms all of the

conventional models. It should be noted that the ltgures marked in brackets in column

two of Tabl e 5.4 are the performance of the ANN model measured for the training set.

Although the results obtained indicate that the neural network model is superior to

selected conventional models, one can argue that re-arranging the existing models is

mathematically correct, but cannot be carried forward from a correlation point of

view. As such, the derivation of the conventional models involved the use of

statistical methods when predicting absolute permeability. This fact has two

implications:

The final form of each model contains an enor that is entirely attributed to

absolute permeability and not the independent parameters (S*i, and þ),

I
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Re-arranging these models is not acceptable from a statistical point of view, as

any effor is not properly reflected in the rearranged equations.

To overcome this difficulty, and in order to present a fair comparison, the

mathematical form of the original equations was preserved while fitting the data set of

this study, retuning the constants,

Log(s.¡r) = aLog(k o6r) + bLog(þ) + c (s.16)

where a, b, c are constants. For the data set considered, the following formula is

obtained and its performance is added to Table 5.4 (last column). It should be noted

that conventional non-linear regression methods were used in the determination of a,

bandc

Log(S*¡r) = -0.l9Log(kabr) + 0'625Log(þ) +0'202 (s.17)

Table 5.4: Comparison between Neural Network-Based Model, Three Conventional Models

and Equation 5.17 for the Validation Set

Error
Measurements

ANN Modet
Tixier

Model
Timur
Model.

Coates
Model. 8q.5.17

RZ 0.88 (0.e1) 0.69 0.65 0.77 0.69

RMSE 0.11 (0.10) 0.16 0.19 0.15 0.18

MAE 0.08 (0.07) 0.11 0.13 0.12 0.12

I ì Trainins Set Perfornønce
* Originally Developed to Determine þ5.

Figures 5.5 through 5.9 show scatter plots for actual versus predicted S*i. obtained

from the neural network model, models from literature and equation 5 ' 17 for the

testing set.
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Figure 5.7: Actual versus Predicted S*i. for Tixier Model
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Figure 5.10: Actual versus Predicted S*i. for Equation 5.17

As can be seen from the figures, the ANN model tends to provide the most reliable

performance, followed by equation 5.17. Models from the literature underestimate

S*i¡ âcroSS the range 0.05 to 0.3 and overestimate values elsewhere. However, with a

closer look at Figure 5.6, one can define two trends. It is believed that existence of

two trends may be attributed to the fact that none of the model input parameters

account for variables such as degree of sorting and cementation. This part is not

investigated in the current research and may be explored in future.

Despite the superior performance of the ANN model, ANNs are generally considered

to have the disadvantage of being less transparent than more conventional models. As

mentioned previously, ANNs belong to the class of data-driven models. This leads to

the conclusion that the nature of the knowledge gained by the network to solve the
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problem under consideration is not understandable in a straightfon^/ard manner. On

the other hand, the knowledge contained in trained ANNs is accumulated and stored

in the final values of weights and thresholds given by the backpropagation algorithm.

However, the interpretation of the relationship between input and output parameters

may be somewhat difficult, in part as the relative importance of the input parameters

is not intuitive.

A number of approaches have been developed in order to make the "black boxes"

transparent, to understand the relevance and relative importance of model inputs' The

Garson method (Garson, l99l), the sensitivity analysis method (Lek, et al., 1996), the

stepwise method (Maier, et al., 1998) and the randomizafion method (Olden and

Jackson, 2002) are some of the available methods published in the literature'

In this research, the Garson method is investigated and applied to model Sw2ST. In

his paper, Garson (1991) stated: "The weights along the paths from the input to the

output nodes indicate the relative predictive importance of the independents".

Garson's method to estimate the input parameters' relative importance may be

summarized as follows. It:

. is applicable in the case where a single hidden layer is considered

. considers only the weights and not the biases

. deals with the absolute values throughout all calculations

In order to demonstrate the calculation process used in Garson's method, all

connection weights are shown in Table 5.5. As mentioned previously, model

interrogation was applied to model Sw2ST'
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The detailed procedure is as follows:

1. For each hidden neuron, multiply each absolute weight value it receives from

the input neurons by the absolute weight value it sends to the output neuron.

As an example, for the hrst hidden neuron, the following have to be

calculated: (1.547 x 3.736), (1.3 x 3.736), (4.171 x 3'736), (3.323 x 3'736),

(1.525 x 3.736), and (2.0808 x 3.736). For the second hidden neuron, each

weight value it receives has to be multiplied by 1.1005. Summation is then

performed (Table 5.6).

2. For each hidden neuron, each value in Table A2 has to be rescaled with regard

to the summation value, i.e. (5.779 I 52.09), (4.853 I 52.09), (15'586 /

52.09)... and (7.774 I 52.09). For the second hidden neuron, each value has to

be divided by 4.081 (Table 5.7). Summation values are then determined in the

manner displayed in Table 43.

Table 5.5: Final Weights and Biases for ANN Model

Weights and biases from the input layer to a hidden layer with two hidden
neurons

Weights
From/To

lnput
Neuron

1

lnput
Neuron

2

lnput
Neuron

3

lnput
Neuron

4

lnput
Neuron

5

lnput
Neuron

6

Bias
Value

First Hidden
Neuron

-1.U7 1.300 - 4.171 - 3.323 1.525 2.0808 - 1 .0153

Second Hidden
Neuron

- 0.4504 - 0.39'18 0.1049 - 1.418 - 0.7584 0.58¡14 .1.8236

Weights and biases from the hidden layer (two hidden neurons)to the output
layer (one neuron)

Weights
From/To

First Hidden Neuron Second Hidden Neuron
Blas

Value

Output
Neuron

3.736 - 1.r005 0.2't8
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Table 5.6: Calculation Process for Garson Method, Step No' 1

3. The final step is to scale each individual summation (0.111 + 0.121), (0.093 +

0.106)...and (0.149 + 0.158) in relation to the total summation(0.232 + 0.199

+ 0.328 + ...+0.307 :2).The results of this final step will provide the relative

importance of values shown in Table 5'8 and Figure 5.11.

Table 5.7: Calctlation Process for Garson Method, Step No. 2

Input
Neuron

1

Input
Neuron

2

lnput
Neuron

3

Input
Neuron

4

lnput
Neuron

5

lnput
Neuron

6
E

First Hidden
Neuron

5.779 4.853 r5.586 12.417 5.681 7.774 52.09

Second Hidden
Neuron

0.497 0.431 0.116 1.560 0.835 0.643 4.081

lnput
Neuron

1

lnput
Neuron

2

lnput
Neuron

3

Input
Neuron

4

Input
Neuron

5

lnput
Neuron

6
E

First Hidden
Neuron

0.111 0.093 0.299 0.238 0.109 0.149 1

Second Hidden
Neuron

0.121 0.106 0.028 0.382 0.205 0.r58 1

E 0.232 0.199 0.328 0.621 0.314 0.307 2
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Table 5.8: Determination of the Relative Importance of Input

Parameters

Input
Parameter

Relative
Importance

Order of
significance

RQI ll.60/0 t

PG l0o/o 6

LogßZl 16.4o/o I

P"- 3lYo 1

P"" 15.7o/o 3

Sr"" 15.3o/o 4

35.00%

30.00%

25.00o/o

20.00%

rs.00%

10.00%

5.00%

0.00%
RQI PG Log FZI P". Pce S*"

Figure 5.1 1: Graphical Representation of S*i. - Relative Importance of ANN Model

Parameters (Model Sw2ST)
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The results show that the maximum capillary pressure is the most significant factor,

followed by log FZI (absolute permeability and porosity). P." and S*", representing

the maximum pore radius in a core plug sample, are third and fourth in importance,

with a marginal difference in their relative contribution. However, the fact that S*i,

does not vary much at relatively large capillary pressures, and has a recognized

dependence on absolute permeability and porosity, cast some doubt over the accuracy

of these results. To further investigate this, Garson Method was applied to another

model from Table 5.3, to check weather or not similar results are obtained. Figure

5.12 shows Garson method for model Sw2TT. Comparing Figure 5.11 with 5.I2,iI

can be seen that results are not identical. Log FZI appears to have most influence in

predicting S*i, for model Sw2TT, followed bY S'" and P".. Due to this difference, the

decision was taken to subject the ANN models to the traditional sensitivity analysis

with the creation of a re gular tornado chart.

The tornado chart for model Sw2ST is shown in Figure 5.13. It can be seen that log

FZI is the most influential parameter (numerically, if log FZI is increased by one

standard deviation, that may lead S*;. to decrease by 0.78 standard deviations), which

in turn confirms the fact that ku6. and þ contribute most to the estimation of S*i,. RQI

appears to have less impact, attributed to the fact that the hydraulic radius is indirectly

included in FZI. Pc(max) is among the factors which have less influence on the model

ouþut as expected. The tornado chart for model Sw2TT shows similar results (see

Figure 5.14).
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20

15.

1

5.00

0.
RQI PG Log FZI P"n, P"" S*"

Figure 5.12: Graphical Representation of Swi. - Relative Importance of ANN
Model Parameters (Model Sw2TT)

Sensitivity of S"i. to Correlation Parameters

Log FZI

o
o
o
E
.Ú

(ú
o-

=CL
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S,r"

Drcm

RQI

Pco

PG

Sensitivity to One Standard Deviation

0.164

0.322

0.078

-0.78

-0.1

-0.148

Figure 5.13: Tornado Chart for ANN Model Sw2ST
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Sensitivity of S*i. to Correlation Parameters

Log FZI

o
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-0.149

Figure 5.14: Tornado Chart for ANN Model Sw2TT

It should be noted that the proposed ANN model may be featured to have a dynamic

learning nature. In other words, the model may be re-calibrated as more empirical

data become available, potentially increasing its generality if the new data contain

patterns that were not included in the original training data.

5.9 ANN-Prediction Equation for S.,n¡'.

For model Sw2ST, all weights and biases obtained after calibration are given in Table

5.5, The simplicity of the network geometry facilitates the model to be displayed in a

mathematical formula that is suitable for hand-calculations. The final form of the S*¡.

prediction formula is given in equation 5.18. Xr andXz are calculated as functions of

the input parameters, as given in equations 5.19 and5.20.It should be noted that all

input parameters have to be scaled using equation 5.4 before using equations 5.19 and

5.20. Also, the S*i, value obtained from equation 5.18 has to be re-scaled using
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equation 5.4 to obtain the actual value of S*¡.. Further, it should be mentioned that the

equations perform best when used to interpolate between the lower and upper limits

of the input parameters given in Table 5.1. In equation 5.18, Logsig stands for the

logistic sigmoid function.

"(o.z 

t t + z .l z 6 L o gs i gx, -t . I 0 I L o gs i gx r) _ 
"(- 

o.z t 8 -3 .7 3 6 L o g s i gx, +1 . l0 I L o gs i gx r)
Swir =

"(o.z 

t z +l .l I 6 L o gs i gx, -1 . | 0 I L o gs i gx t ) * 
"\- 

0. 218-3.7 3 6 LogsigX' +1. I 0 I Logs igX, )

(s. 1 8)

Xr = - 1 . 0 1 5 - 1 .5 47 RQI+ I . 3 00PG - 4.17 ?I o gtF ZI) - 3.323P"* + 1.52 Pru + 2.08 lS w e

(s. 1 e)

Xz = -1.824 - 0.450RQ1 - 0.392PG + 0.l05Log(FZI) -l.4l\Pcm - 0.758Pce + 0.584S"s

(s,20)

A FORTRAN code for the model was also written and is provided in Appendix B,

Despite its good performance, the equation seems to be complex and incorporate a

large number of calibrating parameters. Also, it does not provide an analytical form or

give insight into theoretical aspects of S*¡, prediction. In the next section, an attempt

was made to overcome the problems associated with the ANN-derived equation. The

goal is to develop a simple equation, with fewer calibrating parameters, that can be

used as a general form for S*¡,. prediction.

5.10 Semi-Empirical Model to Estimate S',"¡,

A second approach to estimating S*i,. involved the calibration of a semi-empirical

model using Genetic Algorithms (GAs). The available data were first screened and a

number of S*i, values were excluded: those with capillary pressure values greater than
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400 psi and saturation values exceeding 0.45.

The approach taken for analyzing the data was to follow the formulation introduced

by Land (lg7l), involving the concept of a trapping parameter. In his paper, Land

proposed the following hyperbolic relationship, which is a result of laboratory work,

in an attempt to quantify residual gas saturation for a gas-oil system:

1 cl

: Normalized initial gas saturation

: Normalized residual gas saturation

: Trapping constant

(s.2r)
s

rl.

,S
{.

gr gt

where

Sri*

Sr.*

Cr

The same concept may also be used to estimate residual oil saturation for water-oil

systems. The equation is (Behrenbruch,2000):

1
C 2 (s.22)

d< {.
.ç sor ol

This equation may also be presented in another format, using standard nomenclature
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s s
or

s oI -l=cs
ot

s
(s.23\

(s.24)

oror

where

Soi Normalized initial oil saturation

: Normalized residual oil saturation

Initial oil saturation

: Residual oil saturation

: Trapping constant

C2 mù! then be correlated with other parameters, such as absolute permeability,

flooding velocity and a wettability index, such as the ratio of relative permeability end

points (Behrenbruch, 2000).

The same idea is considered here for estimating S*ir. The second equation described

above for water-oil systems (equation 5.23) is manipulated and found to have the

following form:

So.

Sol

so,

Cz

1 _ l=c
s

wlr

Parameters considered for correlation with C were absolute permeability, porosity

(RQI), P"- and P"", as follows:
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c1 * ".( :"" )"0 + 
"sC = ct(RQI ) ' ,\ p"* )

(s.2s)

where ct, ez, c3, c4 &fld c5 zÌre tuning parameters. The aim was then to find optimal

values of these constants by minimizing the root mean square error between predicted

and calculated values of C. GAs were used for this pu{pose. S*¡ ma} then be

determined with Equation 5.24.

Commercial GA software was utilized for model calibration. The software employs

real-number coding and a rank selection method, As recommended by the software, a

population size of 1000 was used, along with a crossover rate of 0.5 and mutation rate

of 0,06.

5.1L semi-Empirical Model: Results and Discussion

The final model is presented in graphical form in Fig' 5.14, where a group of curves

associated with different P""/P"* ratios are illustrated'

A value of C can be read at a P"/P"¡ou*; ratio by entering the graph with a chosen value

of ReI. A scale for S*¡. according to Equation 5.24has also been added to the graph.

In further investigating this relationship, it was found that every curve in Fig' 5.14

may be approximated by a logarithmic function of the

formC = arln(Og, )* o2, where a1 and ã2zre constants. As canbe seen

from Fig. 5.15, ar appears to be constant for all curves. An attempt was then made to

correlate constant az with P."/P",.,. ratios. It was found that both parameters can be

correlated with a high degree of accuracy by using a logarithm of the form
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aZ = atln
Pr"
D
'cm

+ o 4 where, a3 and ã4 ãna constants, as shown in Fig.

5.16

Combining the above equations yields the final equation for C:

c = o, Ln (RoI
l\- )* o, t 

I
Dtce

P"*
+ o4 (s.26)

lä1--
I

I or2sL
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P""/P", = 0.55
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Pr"/P", = 0.35

- 
P""/P", = Q.!$

- 
P""/P", = 0.15

- 
P""/P", = 0.05

Figure 5.15: Graphical Representation for the Semi-Empirical Model

Combining C in equation 5.26 with the expression in equation 5.24 and re-arranging

results in the final, general expression for S*¡.:
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I
s

) 
. .,

(s.27)

(5.28)

wlr
o1n (nsr )* o, 

'' [ +

Figure 5.16: Fitted Curves Using Logarithmic Function

The form of this equation appears to give excellent results when RQI, P.. and P",o are

known. Due to the complimentary nature of fluid saturations, initial oil saturation may

be given by:

^t ot

For the Australian data set considered in this study, Equation 5.27 becomes:

orm (nq )+ a3tn
- 1-

@l-
@-
@
@l-

@-
@l-

@
@
B

8
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5

4

3
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't
(t, (J

I 104 620

RQI

y= 1.23461n(x)+s.zgz

y = 1.23461n(x) + 4.133

--- FittedCurves

= 1.23461n(x) + 2.8887

y=1.23461n(x)+2.6185

y= 1.23461n(x)+2.25

- 
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- 
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1

s (o
)- o.zs¿ Lrl '""
' I P"* )* "no

(s.2e)wIr
| .235 Ln (^gt

Figure 5.17: Free Terms as a Function of P""/P..

This model was also compared to the other formulations mentioned above. Results are

summarized in Table 5.9 and show that the semi-empirical model outperforms

traditional models.

For the same reasons stated above with regard to re-arranging of models, equation

5.16 was used to fit the data conventionally (regression analysis). The form presented

in equation 5.30 was obtained with its performance being assessed and is given in the

last column of Table 5.9.

Log(S *¡r) = -0' 133r ol(k obr) + 0.424Log(/) - 0'05

5

4

3

E
oF
oo
lJ-

2

,l

0

0 0.1 0.2 0.3

P."/P",

0.4 0.5 0.6

\

Free Term = - 0.784ln(Pce/Pcm)+ 1.7935

R2 = 0.9998
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Actual versus predicted values are shown in Figures 5 ' 17 through 5 '21 .

Table 5.9: Comparison between the Semi-Empirical Model, Three Conventional

Models and Equation 5.30

Error
Measurements

Semi-
Empirical

Model

Tixier
Model

Timur
Model 

*
Coates
Model. 8q.5.30

R, 0.82 0.58 0.63 0.74 0.77

RMSE 0.07 0.35 0.42 0.11 0.10

MAE 0.04 0.15 0.18 0.08 0.08

* Originally Developed to Determine ko6,

Figure 5.18: Actual versus Predicted S*¡. for the Semi-Empirical Model,

Equation 5.29
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Figure 5.19: Actual versus Predicted S*¡. for Tixier Model

Figure 5.20: Actual versus Predicted S*i, for Timur Model
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Figure 5.22: Acfial versus Predicted S*;., Equation 5'30
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In order to gauge the relative importance of various parameters, a sensitivity analysls

was carried out, with results shown in the tornado chart given in Figure' 5.23' As can

be seen, RQI is most significant (as expected, ku6, and þ have the most impact on

S*¡), followed by P"*. This indicates that RQI is the critical parameter, while P." is

less important.

Figure 5.23:Tomado chart for the semi-Empirical Model, Equation 5'29

In an attempt to further simpliff the model, values for P".were assumed to be unity'

Equation 5.26 can then be presented as,

c¡ ( t 1"4c = ct(RQI )-z + r3l , IVcm ,/

+ 15 (s.31)

The new model is re-calibrated and represented graphically in Figure 5.23. Similar

conclusions are obtained (see Figures 5.24 and 5.25) and the final form (similar to

Sensitivity for S*,. to Gorrelation Parameters

Sensitivity to One Standard Deviation

o.074

-o.447

-0.18

o¡-o+ro
Eol-
(E
o-

=ctc

RQ

Pce

E,lcm
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equation 5.28) is

s (s.32)wr
1o1n(nq )+ o3 tn

P
+ a5

cm

For the data set used for calibrating the model, equation 5.32 can be represented as in

equation 5.33; with its sensitivity analysis is demonstrated in Figure 5'26'

,S (s.33)wú
L2483 Ln (^o, )- o.e+s Ln

I + I .963
Pcm

Figure 5.24: Graphical Representation for the Modified Semi-Empirical Model
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Figure 5.26: Free Terms as a Function of 1/Pcm
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Sensitivity for S*,, to Correlation Parameters
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Figure 5.27: Tomado Chart for the Modified Semi-Empirical Model, Equation 5.33

5.12 Summary and Conclusions

A detailed investigation has been carried out to estimate irreducible water saturation

for Australian formations. Based on the results obtained, the following may be

concluded:

1. A new ANN-based model to predict S*i. for Australian onshore/offshore

hydrocarbon basins was developed using a step-by-step design

methodology. A large database from different parts of Australia was used

in the development of the ANN model. It is believed that the new ANN-

based model is the first of its kind for Australian formations.

2. The new model was evaluated by comparing its performance with that of

some conventional models available in the literature. This comparison

2rl
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showed the superiority of the ANN-based model over conventional models

considered.

3. The new model v/as assessed by using the Garson method to check the

transparency of the network, as 'well as to determine the most significant

input parameters. Tornado charts were also used for the same purpose. It

was found that from tornado charts that the absolute permeability and

porosity, followed by maximum capillary pressure, are the most significant

parameters influencing the estimation of S*;,. However, Garson's method

gave different results when applied to two different models.

4. The ANN-based model for predicting S*i. is presented as a

mathematical equation for quick hand calculations'

5. A semi-empirical model is also introduced to estimate S*;,, relying on

the concept of a trapping constant. A Genetic Algorithm approach was

used to calibrate the model. The model also gives improved estimates

of irreducible water saturation, in comparison with other formulations

reported in the literature.

6. The semi-empirical model presents an analytical form that is believed

to act as a goneral form for estimating irreducible water saturation for

any formation. The form presented may be universally applied to other

data sets, with minor tuning.
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7. As it was the case with the ANN-based model, sensitivity analysis of

the semi-empirical model confirms that absolute permeability and

porosity are the most influential parameters.

8. A modified semi-empirical model is also discussed where entry pressure

was assumed as unity.

g. While the results obtained have been specifically based on Australian field

data, it is believed that the models (more specifically, the modelling

approaches) presented would have universal applicability.
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Chapter 6

Estimation of

Rock Wettabitity

6.1 Introduction

Reservoir wettability characterisation requires the knowledge of three types of data:

rock pore structure properties, fluid properties and rock-fluid interaction properties.

Failure to properly characterise wettability may result in incorrect validation of

special rock properties, such as relative permeability, leading to wrong recovery

factors for a particular reservoir situation.

Wettability , as a rock-fluid interaction property, is well recognized to influence the

flow in multi-phase systems, hydrocarbon reservoirs being good examples for such

systems. In the laboratory, USBM indices of wettability are determined as the relative

ratio of areas under imbibition capillary pressure, and secondary drainage capillary

pressure curves. As an altemative the Amott-Harvey wettability index has been

utilised. If such measurements aÍe not available, relative permeability curve

characteristics may give an indication of wettability'

Wettability may be viewed in different ways. From thermodynamics, and considering

a system in an equilibrium state, wetting of a surface by a liquid can be correlated to
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the variation in the Gibbs free energy (Berg, 1993). The balance between cohesive

forces within the liquid (tend to pull up fluid drops) and adhesive forces between

liquid and solid (allow fluid to spread) are a measure of wettability (Embid, 1997).

Quoting from the literature: "Wettability is defined as the tendency of one fluid to

spread on or adhere to a solid surface in the presence of other immiscible fluids."

(Ahmed, 2001), Honarpour, et al. (1986) stated the following, "Q term used to

describe the relative attraction of one fluid for a solid in the presence of other

immiscible fluids."

Generally, wettability is a rock-fluid interaction property that is caused by the

adsorption of molar and/or organic components on the rock surface. In petroleum

engineering, it used to be a common believe that all reservoirs tend to be water-wet

(hydrophilic). However, based on production characteristics and modern laboratory

experiments, reseryoirs have been shown to exhibit a range of wettability

characteristics, from strongly water-wet to oil wet, see for example Treiber, et al',

1972;l.r4o¡¡ow, 1976; Cuiec, 1991. The overall point to stress is that, in order to

obtain reliable laboratory flooding data, original (reservoir) wettability has to be

preserved or restored, as discussed below.

As is the case with most special core measurements, wettability tests are expensrve

and time consuming, As a consequence, the number of plugs subjected to wettability

testing is usually limited, often resulting in a poor definition of reservoir wettability

characteristics. One objective of this chapter is then to introduce a mathematical

expression which may be used to gauge relative wettability, as an alternative to the

above mentioned indices. The model has been validated using data from Australian

hydrocarbon basins. As shown below, genetic algorithms may be ideally utilised in
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tuning parameters in the wettability model presented. The model compares favourably

with laboratory measurements and may be used to predict USBM indices if

experimental values are not available. As such, the formulation presented may also be

used in wettability classification.

If no wettability measurements are available, some rules of thumb based on relative

permeability curves, such as Craig's criteria (Craig, l97l), andlor ratio of relative

permeability endpoints (Honarpour, et al., 1986; Behrenbruch, 2000) may be utilised'

Care should be taken when using these rules. This may be attributed to the fact that

relative permeability curves do not solely account for wettability; rather, they

represent pore geometry, pore structure, fluid saturation and fluid saturation history

(Rao, 1997). Nevertheless, relative permeability experiments are also expensive, time

consuming and not always readily available. The second objective of the current

research was to predict relative permeabitity endpoint ratios. An attempt to produce

analytical forms for the determination of the maximum effective permeability to oil

and to water was considered. The final formulas are extensions of the Carman-

Kozeny equation.

In summary, the main objectives covered in this chapter relate to the following:

1. to derive a simple mathematical model that can predict USBM wettability to

an acceptable accuracY,

2. to validate the model using data sets from Australian basins,

3. to introduce and validate a new semi-theoretical formula to calculate endpoint

effective permeability to oil, and
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4. to establish and validate the new semi-theoretical formulas to determine

relationships for relative permeability endpoints, as well as endpoint effective

permeability to water.

6.2 Available Data

For validating and checking performance of models developed and discussed in the

next sections, a database was established for different Australian basins. The database

contains two types of data. The fîrst type includes USBM measurements by centrifuge

on dried, cleaned and aged core plugs. Endpoint relative permeabilities from flooding

experiments constitute the second data set. It should be noted that, flooding

experiments for a large number of plugs were conducted after restoring wettability.

The data sets cover a wide range of absolute permeability and porosity and, represent

diverse rock types, grain size and different mineralogy. Australian rock tends to also

demonstrate ceftain features of diagenesis (as indicated by photomicrographs and

scanning electron micrographs), such as quartz overgrowth and clay-frlled pores

(Behrenbruch and Biniwale (2005); Biniwale and Behrenbruch (2004)).

6.3 Wettability Model - Results and Discussion

As mentioned above, knowledge about wettability is essential in evaluating

hydrocarbon reservoirs. Most often laboratory practice results in the single use of

each core plug that is for one major experiment. Hence, plugs considered for relative

permeability measurements may not be considered for wettability testing. As a

consequonce, wettability conditions for relative permeability plugs may be unknown.

In this section, an attempt was made to derive a new model to estimate the USBM
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wettability index on a field basis. The model would be helpful in obtaining an idea

about wettability for untested plugs (for example, relative permeability plugs). The

model aims at minimising the use of correlation constants. Correlation parameters

used are readily available from routine core analysis (permeability and porosity) and

primary drainage capillary pressure (ineducible water saturation). The model may be

represented as the following mathematical formula:

usB M = G,s i,1,,[."{", få ^nr- )]
(6.1)

RQI = 0.0314
t_

^ ahs

ø
(6.2)

where,

USBM : USBM wettability indicators

: Irreducible water saturation

: Reservoir quality indexRQI

180

3.41 Conversion constant from radian to degree

ø

: Absolute (air) permeability

: Porosity

: Conversion constant from md to Pm2

: Correlation constants?r1, ã2, ã3, àI1d 44

It may be argued that a wettability correlation with such parameters as RQI and S*i,

should not be possible, as none of the latter is a function of wettability, or vice versa'

and

s*,

kub.

0.0314
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However, variation in RQI (ku65 and þ) and S*¡¡ âre often related to digenetic trends

(for example clay types and content). Such diagenetic trends tend to be related to

mineralogy where the latter directly influences wettability. As a consequence, the

proposed model may be useful in estimating wettability, provided a reasonable

correlation may be established for a specific formation under consideration.

As is seen from equation 6.2, the model contains four tuning parameters (a1 to aa),

which may be calculated using available empirical data and an optimisation routine.

In this study, a genetic algorithm approach was used to derive an optimal solution.

Details on genetic algorithms can be found in some of the standard texts on the

subject, for example Beasley et al. (1993); Goldberg (1989); and Stender (1993).

To ascertain model performance, the model was exposed to a data set containing the

following: USBM, S*ir, kub, and þ. As a first step, the model was allowed "to see" all

of the data, from all fields, and constants were initially determined. The model

predicted-USBM values are plotted versus experimental values in Fig.6.1. As

evident, there is substantial scatter from an expected 45o line trend. A set of error

measurements, containing correlation coefficient (r2), root mean square error (RMSE)

and mean absolute error (MAE) were considered to quantitatively describe the

performance of the model. Values of r2, RMSE and MAE were determined to be

0.522,0.275 and 0.202, respectively. It is perhaps not unexpected that the outcome is

rather less satisfactory as the dala aÍe representative of different Australian

formations, i.e. formations characteristics such as pole geometry pore size

distribution, mineralogy, diagenesis and clay content trends vary among different

formations. Hence, a number of different diagenetic trends produce an unclear trend.
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In an attempt to sort out some of this diversity, the data was examined as subsets.

Based on formations, the data set was divided into five subsets. Cross plots of

estimated USBM values against calculated values for the five fields are re-presented

in Figures 6.2 through 6.6. As can be seen from these figures, the model performance

improved considerably, which may support the assumed hypothesis. The data scatter

around the 45o line is much reduced. The remaining scatter may be attributed to

uncertainty in the experimental procedure and accuracy. Numerically, effor

measurements for the five sets are summarized in Table 6.1. In conclusion, the fype of

correlation presented should prove useful in obtaining an idea about wettability for a

plug that has not been subjected to wettability testing, but rather has undergone other

testing, e.g. relative permeability.
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Figure 6.3: Predicted versus Measured USBM Cross Plot - Second Data Set
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Table 6.1: Error Measurements for Wettability Model

Error Measurement 2r RMSE MAE

Data set in Fig. 6.1
0.951 0.080 0.073

Data set in Fig. 6.2
0.935 0.t23 0.093

Data set in Fig. 6.3 0.925 0.118 0.102

Data set in Fig. 6.4
0.990 0.007 0.006

Data set in Fig. 6.5 0.999 0.008 0.007
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6,4 Estimation of Maximum Effective Permeability to

Oil (h-"*)

Relative permeability endpoints may be of interest for various reasons, where h,nu* at

S*i. is typically obtained from centrifuge experiments. Alternatively, this parameter

may be obtained through correlation of associated parameters, as has been attempted

here. For this purpose, a modified form of the Carman-Kozeny equation has been

utilized.

For reference, the original equation may be restated as

F¡2

(6.3)
2
gvs

abs

where

kub. : absolute permeabilitY (t -')

þ" : effective porosity (fraction)

F : shape factor (2 for circular cylinder)

r : Tortuosity

S"u : Surface area per unit grain volume (p*t)

For a particular core plug, the maximum permeability to oil, koru*, may be viewed in

terms of a modified permeability and a modified porosity (/ S";), resulting in the

following, modif,red Carman-Kozeny equation :

max

(6.4)
ko

r t2 s2r,
oil
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Dividing equation 6.4by 6.3 and re-ordering,

3 (r- ø)
2

k -s ot
(6.s)

o mar( (r-óSo¡) 2

Tortuosity may be evaluated as a function of formation factor, porosity and saturatton

(Embid, 1997),

r¡ = FF ÓS¡ (6.6)

where FF is the formation factor

Assuming a plug filled with 100 percent oil (absolute conditions), the following is the

result:

(6.7)

, d3 (l-ú)2 1

'"omax "o' (l- úso¡)2 s,t 2
cv

T =FFóal¡s

For a plug with irreducible water saturation, tortuosity to oil is then given by:

T = FFÓSoil ot

Incorporating the ideas of Equations 6'7 and 6'8 into Equation 6'5,

(6.8)

(';"

¡l
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And in terms of S*¡,,

ko^u*= (1-Sre;¡)
2(r-ó)

Q- ø(- S.¡,))z

The term Sru is normally difficult to quantify. If it is assumed, a priori, that the ratio

(6.10)

(6.1 1)

þä1,,w is a constant for a particular field (or universally), Equation 6.10 becomes,

Q- ø)
2

ko^u* = C(l- S*¡r) kob,
(t-ø(r-s*¡,))2

Equation 6.11 has been used in an attempt to validate the above-mentioned

hypothesis, using data sets from different Australian basins: Bonaparte, Cooper and

Carnarvon. Results are illustrated in Figures 6.7 through 6.10, comparing actual and

calculated results using Equation 6.11. For Field A, the Bonaparte basin (Figure 6'7),

and fields from the cooper basin (Figure 6.8), the equation seems to perform very

well, indicating a surfac e aÍea ratio of close to unity. However, a different result was

obtained for some of the other fields, as shown in Figure 6.9. This means that a

universal constant surface area ratio

However, a different constant value may be used to fit the data, as also indicated in

Figure 6.10. Table 6.2 gives corresponding error measurements for each data set'

tf#:constant] 
is not supported
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Figure 6.10: Predicted versus Measured ko-u* Cross Plot - Buffalo Field, C : 0'50
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Table 6.2: El:-:or Measurements for Maximum Effective Permeability to Oil

Error Measurements
2r RMSE, md MAE, md

Bonaparte Basin

C:1
0.99 67.2 40.0

Cooper/Eromanga Basrn

c:1
0.82 t44.7 73.6

Buffalo Field

c:1
0.97 500.0 420.1

Buffalo Field

c:0.5
0.97 59.3 48.1

6.6 Ratio of Endpoints (A \ilettability Indicator) and

Estimation of Maximum Effective Permeability to

Water (k*."*)

Continuing with an imaginary plug with porosity equal to /Soi, at maximum effective

permeability to water, the space available for water to flow may be considered as óSo¡

-/So.. Equation 6.3 may now be re-written as:

, (ø(so,-so")' ( t ì
K wmax = 

(t - û(s, - s 
",)Y ln\b ) ,",,,

229
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Similarly, tortuosity for water may be considered as,

r water = rr ó(S o¡ - Sr, )

Dividing equation 6.5 by equation 6'12,

ko^u* 
-

(t - ø(s 
",

- s," ))2 (ús 
"')tkr^u* (ø(s", - sr"))' (t - øs ",)'

,'sh
oil

(6.13)

(6.r4)

(6.1s)

lr""'*

Incorporating equations 6.8 and 6.13 into equation 6.14,

ko^u* -
(t- øß", - s",))' (øs",)t

k*^u* (ø(s,, - s,,))' (t- 6")'
(s nrr6goi - sor))?.,,,,

(s *rrps",)?",,

Further simpliffing equation 6.15 and using S*¡,,

ko^u* (1 -ø(-s - s ",))' (t - s," ) (6.16)

, the ratio is replaced

(';"

k.^u* (t- ø(t- s,¡,))2 (1 - sr,' - sr, ) 2
cv

As stated above, due to difficulties in quantifying

with a constant C1, equation 6.17

oil

ko^u* _ 
". 

(t- ø(t- sr,, - so,\)z, (t-sr,") 
_

kr^* - "t 

-1r 

- ¿1r - s **))' (t - s'",. - so" )
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Th" -u*i-.rm effective perïneability to water may be then be determined by

employing the following:

(6.18)

Assuming Cr and CzF l/Cr) in equations 6.17 and 6.18 to be unity, the following

equations are the result:

ko^u* 
-(

| - úÍ - s.i, - sr" ))' (t - s,," ) (6.1e)
k*^u* (t-ø(t-sr¡,))2 (1- sr," - sr,)

or

(6.20)

Equation 6.18 was used in a comparison study. However, the reader should be

reminded that residual oil saturation, Sor, contains considerable uncertainty due to

many reasons, among others: general experimental conditions (type of experiment),

flooding conditions such as rate, improper correction of capillary end effect, effects

from clays etc. Such factors may significantly influence the accuracy of results

obtained when utilising Equation 6.18'

Three data sets from the Bonaparte basin (Laminaria, Corallina and Buffalo fields),

and collectively fields from the Cooper/Eromanga basin were considered using the

new methodology. As can be seen for the Bonaparte basin (Figure 6.11), Cz is found

to be equal to 0.7 (Figure 6.12). Similarly, for the Cooper/Eromanga basin fields and
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the Buffalo field (Figures 6.13 and 6.15), values of 0'43 and 0.87 for Cz are

calculated, respectively, and found to give the best perforrnance, see figures 6'14 and

6.16. Error measgrements 1r2, RMSE, MAE) for the three data sets are reported in

Table 6.3

Figure 6.1 1: Predicted versus Measured k*,',u* Cross Plot - Bonaparte Basin,

Cz: 1.00
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Fig. 6.13: Predicted versus Measured k*,nu* Cross Plot - Cooper/Eromanga
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Table 6.3: Error Measurements for Maximum Effective Permeability to Water

Error Measurements
2

T RMSE, md MAE, md

Bonaparte Basin (Cz: 1) 0.90 1 77 1 r24.6

Bonaparte Basin (C2 : 0.70) 0.90 11s.3 74.7

Cooper/Eromanga Basin (Cz: 1) 0.84 423.3 227.l

Cooper/Eromanga Basin (Cz : 0.43) 0.84 t37.0 85.4

Buffalo Field (Cz: 1) 0.92 74.9 47.6

Buffalo Field (Cz : 0.87) 0.92 60.0 46.0
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6.7 Summary and Conclusions

Rock wettability influences multi-phase flow during flooding experiments' In order to

validate experimental results from special core analysis studies, knowledge of

wettability conditions, in terms of indices or indicators is seen to be of paramount

importance. To address this aspect, the current research has resulted in a number of

models or formulae, as follows:

1. A new model to predict USBM wettability has been derived for a particular

formation under consideration provided a digenetic trend is evident and can be

correlated. The new model is able to predict USBM using readily available

measurements; namely, absolute permeability, porosity and irreducible water

saturation. The new model was exposed to a number of different data sets

from Australian hydrocarbon basin showing reasonable performance, and as

such may be used semi-quantitatively'

Z. A new analytical equation to predict maximum effective permeability to oil

has been developed. The new equation is an extension of the Carman-Kozeny

equation. To validate the proposed formulation, the ouþut from the equation

was compared with centrifuge experimental data from Australian basins,

demonstrating excellent performance.

3, A new equation to predict effective permeability to water at residual oil

saturation was also established, again as an extension of the Carman-Kozeny

formula. The equation gave reasonable performance when compared to

laboratory/field data.
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4. Equations mentioned under 2, and 3., may be usçd to determine relative

permeability endpoint ratios, being a function of porosity, Swir and Sor. In the

absence of specif,rc wettability measurements (and/or relative permeability

data), the new formulamay be used as an indication of wettability.
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Chapter 7

Summary

and

Conclusions

7.1 Overview

Unlike conventional core analysis, involving the measurement of permeability and

porosity, advanced (or special) core analysis (SCAL) is more expensive and time

consuming. For these reasons, the number of plugs used for SCAL for a particular

freld tends to be limited, often not covering all existing depositional environments and

flow zone units adequately and leading to poor reservoir representation.

prediction models provide a means to estimate missing data and thus augment

existing data and to validate the latter, leading to a complete picture in characterizing

a reservoir. In a more abstract way, capillary pressure and statistical models for

relative permeability have their own assumptions and rely purely on theory, making

them less practical. Network models may be highly plug-specific. It is also difficult to

translate results from experiments performed on standard core material, such as Berea
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sandstone, to other types of reservoir rock that contain petroleum. Purely empirical

models are perhaps the most widely used in the petroleum industry, but they may not

be universally applicable. Finally, as described, empirical models based on theoretical

concepts tend to be more satisfactory and may lead to greater universality.

In this thesis, models for predicting capillary pressure, relative permeability,

irreducible water saturation and wettability are investigated. For the derivation of new

capillary pressure and relative permeability models, the well known theoretically-

based Carman-Kozeny equation has been utilized. These models may be viewed as

semi-empirical models, as they use theoretical arguments (mainly from the Carman-

Kozeny formulation) and are validated using measured (by service companies)

capillary pressure and relative permeability for Australian fields.

Irreducible water saturation is a correlating parameter in the new capillary pressure

and relative permeability formulations. Attempts to predict irreducible water

saturation using artificial intelligence tools was also investigated. Basically, these

tools are artificial neural networks and genetic algorithms. Furthermore, an artificial

neural network-based model was cast into an equation, and a FORTRAN code was

written for the neural network model. The semi-empirical model (tuned using genetic

algorithm) is presented graphically. In addition, based on the results obtained from the

semi-empirical models, analytical forms for the determination of ineducible water

saturation have also been presented.

The thesis also includes new models for the prediction of rock wettability. Two

models were introduced. The f,rrst model shows how to predict the USBM wettability

index. This model is simple and provides an analytical form that can be adjusted and
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used for any field. The second model calculates the ratio of effective (relative)

permeability endpoints by providing two equations for the calculation of effective

permeability to oil at irreducible water saturation and effective permeability to water

at residual oil saturation. Both equations are an extension of the Carman-Kozeny

equation.

7.2 Summary of the Thesis and Original Contributions

of Research

This research focused on the development of new models for the prediction of special

rock or core parameters: capillary pressure, relative permeability and wettability' For

capillary pressure and relative permeability, the new models are developed using the

Carman-Kozeny equation. In addition, models are compared to the Brooks and Corey

model (for capillary pressure) and modified Brooks and Corey model (for relative

permeabitity). For wettability, a simple model for the USBM index was derived,

together with another model for the estimation of ratio of endpoint relative

permeability. Moreover, models for predicting irreducible water saturation have been

derived. The feasibility of using artificial intelligence tools (artificial neural network

and genetic algorithm) for this purpose was studied. Models are compared with some

traditional models. Contribution of different input parameters in estimating irreducible

water saturation was investigated by creating tomado charts. For validation of all

models, extensive data sets were utilised pertaining to onshore/offshore Australian

hydrocarbon basins.

In Chapter 2, a literaÎrtre review for capillary pressure and relative permeability was

conducted. Definitions and theoretical aspects were discussed. An overview of
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laboratory techniques was given. Furthermore, mathematical models for both

properties were documented and discussed in detail'

Chapter 3 detailed the development of new models for predicting primary drainage

capillary pressure relationships. The chapter also showed a two-part comparison study

with the Brooks and Corey model. The analysis described in this chapter gave the

following results:

1. Two original parameters were introduced, combining porosity, saturation and

capillary pfessure. They are modifications for the porosity gfoup and the

reservoir quality index, respectively, of the Carman-Kozeny equation. These

parameters are called Effective Saturation Group (ESG) and Capillary

Pressure Index (CPI) and are defined as follows,

CPI =0.031
6,,

ESG: N,,
r- ü,,

Z. plots in the ESG vs CPI space resulted in linear relationships between entry

pressure (at entry water saturation) and maximum capillary pressure (at

irreducible water saturation). In other words a straight line can be developed

using CPI and ESG across the movable saturation range'

3. In its general form, the model can be presented as follows,
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Pc:0'0314
r- 6,,

(* - ")'(øs, )' 
+ 2a(m - "\ús *)2 + oz (ûs *)

where m is the slope of the linear relationship and a is the intercept.

4. More practical versions of the model are also presented, where one or more

points on the capillary pressure curve are considered. If maximum capillary

pfessure at irreducible water saturation is considered (Pr,,', S*;J, the model can

take the following form,

I
Pc --

('-(#,,-rro,*)+cpi"^

, lurÁ
where cPi,^ = lW: and ESG", =#

P""P,-".[+)"

1,", 
.[""",* t#)o' -,,,][=*)t"

If both maximum capillary pressure at irreducible water saturation (P"., S*i,)

and entry pressure at entry water saturation (P"", S*") are considered, the

extended version of the model may be presented by the following equation:

P"=

And the height above the free water level in a reservoir may then be

determined by:
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P"n

P" 
^u*

P, 
^u*

0.5

_ P,,
I - ó5,,n
l-úSn

tllrs
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0.5

v)h-
*
,,y

)l
wtr

)t

)t)

Gnp Pru r
It

('

Assuming S*" and P." are both equal to unity, the above equations can be

reduced to,

^S w

0.5
s wtr

Pc

and

h-

1*(P"-u^ (s,,, )ot - t\:h sr-s
l- S*¡,

0.5
S wi,

,Sw

G^p

5. The model was found to outperform the Brooks and Corey model when both

models were compared for a number of core plugs. It should be noted that the

new model is able to predict the whole capillary pressure relationship (from

the entry pressure to the maximum capillary pressure) which is not the case for

the Brooks and CoreY model.

6. The following mathematical relationship was found between 2 (from the

{t*(""-* G,¡,)ot - r\:g
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Brooks and Corey model) and m (from the new model)

t'rbi,)
)"-

,"r( 1

1.5 0.5
wemPrrú ,s

0.0314(l - óS*,)

1 tog(S,lS,")+-
2

The existence of water saturation (S*) as correlating parameters in the above

equation confirms the existence of no direct relationship between both models'

Studying the influence of S* on 2for a number of core plugs showedthat )"

varies within the range of unity to 2. The range of variation for each individual

plug is relatively nafro\M and an avefage value may be estimated and used in

the Brooks and Corey model.

7. A conventional performance study that involves the creation of cross plots of

measured versus predicted values for both models was also described. The

new model was found to perform very well compared to the Brooks and Corey

model.

Relative permeability prediction models were introduced and discussed in Chapter 4.

Based on the research mentioned in this chapter, the followingmay be summarized:

1. A comprehensive step-by-step methodology to study relative permeability

incorporating different type of experiments was discussed'

2. A new modified wettability matrix based on Corey exponents to oil and water

was developed. As commented on later in the chapter, Corey exponents may
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be considered as indicators for the degree of heterogeneity in plugs rather than

wettability

3. A new, modified power law for relative permeability was derived. The new

model normalises relative permeability to absolute permeability. Comparing

the performance of the new model with the original power law model, it was

found that the new version can match experimental results more closely. The

new power law model is given by:

k,--(l Sr-S*i,
7-5,¡,

4. A comparison study was conducted between a recently derived, Carman-

Kozeny based relative permeability model and the modified Brooks and Corey

model. Three comparisons were made: mathematical, using noise-free data

and using actual lab/field data.

5. Mathematically, incorporating equations from the C-K model, and the Brooks

and Corey model, the following relationships were found:

For water,

/\nI ìwttt,\./
__(t-ø(t-sor))2 ,sly 

.t-So, (t_øsr)2

and for oil,

-2

245



Chapter 7: Summary and Conclusions

nz r\2,
l-dl 1-,S lì'\ wtr ))

n -2 1-Sw
1-Snu¡, l-øí- r,)2

6. As indicated by the above equations, no direct relationship exists between no

and n* (Corey exponents) and mo and m* (lines slope for the new model).

Also, no and n* are not constants as S* appears in the equations. It was found

that no and n* change over the tange 2.6 - 3.5. This range is similar to the

range across which l" (in Brooks and Corey model for relative permeability)

changes. This result indicates that Corey exponents are for a measure of the

degree of heterogeneity in plugs, rather than wettability.

7. Other comparisons between the two models showed very good performance of

the C-K model, where the latter has the advantage of being a predictive tool,

rather than just fitting the data.

A detailed investigation has been carried out to estimate irreducible water saturatron

for Australian formations in Chapter 5. Artificial Intelligence tools were used for this

aim. Based on the results obtained, the followingmay be summarized:

The beginning of the chapter gives a brief overview of irreducible water

saturation. A number of aspects associated with artificial neural network are

introduced and discussed. Genetic algorithms are also mentioned'

Z. A step-by-step design methodology to develop an artificial neural network

model is discussed in detail, and comments from the literature are added.

Some design considerations, such as cross validation (splitting data into

o
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training, testing and validation sets), use of statistically consistent data sets,

and other aspects are mentioned.

3. A number of models wete constructed and evaluated. The aim was to have a

transparent and simple network that has the ability to predict S*i, for

Australian onshore/offshore hydrocarbon formations. The optimal model was

found to have a single hidden layer with 2 neurons, momentum term of 0'8

and learning rate of 0.2, a sigmoid transfer function for the hidden layer and a

tanh activation function for the output layer.

4. Due to its simple architecture, the network was cast as a mathematical

equation for quick hand calculations and is given by:

,(O.ZIUZ.l36logsigXr-I.101logsigX2) -r(-O.ZfS-3.736logsigX1+1.1011ogs;gx2)
Swir =

þ.ztt+Z.l 36logs igXl-l.l}Ilogs igXr) *, (-O.z t f:.23 6logsigX, +l . I 0 llogsigX, )

where logsig stands for the logistic sigmoid function. In the above equation, X1 and

X2 are as given below.

Xr = - 1.01 5 - 1.547 RQI + l .300PG - 4.172 Log (FZI ) - 3.323 Pcm + 1.521 Pr" + 2.08 1Sr"

X2 =-t.824-0.450RQ1-0.392PG+0.l\SLog(FZI) -l.4l8Pcm -0.758Pce + 0.584S1',e

5. To further demonstrate the neural network model capabilities, a comparison

and
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study was performed with some conventional models available in the

literature. This comparison showed the superiority of the ANN-based model

over conventional models considered'

6. A final step was to check the transparency of the network as well as to

determine the most significant input parameters. In order to achieve this

purpose, two alternative approaches were used. Garson's method, which is a

neural network-related technique, was investigated first, Two models were

exposed to the method and found to give different outcomes. A decision was

then taken to develop the traditional tornado chart for the same models. From

the tornado charts it became clear that the more significant parameters are

absolute permeability and porosity, followed by maximum capillary pressure'

7. Despite its good performance, the analytical expression derived from the

neural network is long and complex. Also, the equation does not provide a

general form Ihat can be used universally. To overcome these

shortcomings, a semi-empirical model to predict Swir wâS investigated,

relying on the concept of a trapping constant. A Genetic algorithm (GA)

approach was used to calibrate the model, the GA approach being

preferred over traditional regression methods, as the former has the ability

to better target global minima, providing more reliable and optimal

solutions.

8. The semi-empirical model for estimating S*i, presents an analytical form

that is believed to be general and universal. The form can be applied to

other data sets, with minor tuning. The form is:
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I
wr

9. For Australian fields considered, the final equation is,

orn(nq )* o, t. 
[ +

,s

s

)."

1

wff P
| .235 Ln (^o, )- o.zs+ Ln ce + 2 .794

Dtcm

10. A modified semi-empirical model was also derived, where entry pressure was

assumed as unity.

.ç

)."

1

wt

11. For Australian fields, the final modified equation is,

1

s

orn(ngr )* o, -[ i;

wlr
e

P
r.23s m(nq )- o.zs+ Ln + 2.794

Dtcm

12. Both models were presented graphically for easy use.

13. A sensitivity analysis (tornado charts) showed that the most influential

parameters are absolute permeability and porosity (RQI in the above

equation).
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14. While the results obtained have been specifically based on Australian field

data, it is believed that the models (more specifically the form of the

equations) presented would have universal applicability'

In Chapter 6, rock wettability was investigated. Wettability has a significant

influence on relative permeability and imbibition capillary pressure. Wettability also

plays a role in estimating residual oil saturation. In order to have a full reservoir

description and to be able to validate experimental results, wettability is an important

parameter. Research results may be summarized as follows:

L A new model to predict USBM wettability has been derived. The model uses

readily available measurements: absolute permeability, porosity and

irreducible water saturation. While these parameters are not generally

perceived to directly influence wettability, their variability may' however,

directly reflect digenetic trends, which are often related to mineralogy, hence

the dependence on wettability. For this reason, it could be ascertained that for

a particular field under consideration, a correlation may exist, as follows:

usBM =(r,rto[t ,[., ff"øt" )]

2. It is believed that the new model is semi-quantitative in nature and such a

relationship would only be valid in case there ale distinct

mineralogy/lithology- wettability trends in a particular formation.
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3. The new model was exposed to a number of different data sets from

Australian hydrocarbon basins showing that relationships exist on a per field

basis. Individual relationships may be used to estimate wettability for plugs for

which measurements have not been made, assuming, of course, that

measurements were made for some plugs of the same formation.

4. A new analytical equation to predict maximum effective permeability to oil

was developed. The new equation is an extension of the Carman-Kozeny

equation. To validate the model, determined values from the formulation were

compared with centrifuge experimental dala from Australian basins,

demonstrating outstanding performance. The equation is given by:

5. A new equation to predict effective permeability to water at residual oil

saturation was also established, again as an extension of the Carman-Kozeny

formula. Checking its performance, the equation gave good results. The

equation is given by:

ko^u*:C(l-slv 
(l-ø)2i,)ffikn*

6. Equations given under 4. and 5. may be used to derive a formula for the

determination of the ratio of relative permeability endpoints. The new formula

is a function of porosity, S*i, and So.. In the absence of wettability indices
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(and/or relative permeability relationship), the new formula can act as a

valuable aid to qualitatively account for wettability' The formula is given by:

(t-ø(t-swir
(t- ø(t- s*¡,))2 (1 - sr,, - so, )

- ,Sr" ))' (t - s,,, )
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Appendix A

Graphical Representations for

the New Capillary Pressure

Model Performance

(Chapter 3)
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Appendix B
FORTRAN Code For

ANN Sw2ST Model

I
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C
C
C
C
C
C
C
C
C
C
c--

THIS PROGRAME PROVIDES A FORTRAN CODE TO ESTIMATE
IRREDUICBEL WATER SATURATON FOR ARTIFICAIL NEURAL
NETWORK, ANN, SW2ST MODEL DESzuBED IN CHAPTER 5. THIS
PROGRAME OFFERS A TOOL TO USE THE ANN MODEL WITHOUT
THE REQUREMNT OF HAVING THE UTLIZED ANN SOFTWRA.
IT SHOULD BE REMENDIED THAT THIS MODEL PROVIDES
BETTER RESULTS WHEN INTERPOLTAE. USERS ARE ADVICED TO
CONSULTE CHAPTER 5 FOR THE CLIBRATION RANGE.

C PARAMETERS ARE DISCRIBED AS FOLLOWS

C

C

C

C

C

C

KABS : ABSOLUTE PERMEABILITY (MD)

PHAI : POROISTY (DIMINTIONLESS)

SWE : ENTRY V/ATER SATURATION (DIMINTIONLESS)

PCE: ENTRY CAPILLARY PRESSURE (PSIA)

PCM : MAXIMUM CAPILLARY PRESSURE (PSIA)

SWIR : IRREDUCIBLE WATER SATURATION (DIMETIONLESS)

REAL KABS, PHAI, SWE, SWEI,PCE, PCEl,PCM, PCMI, SWIR, SWIRI

REAL RQI, RQt l, PG, PGl, F Zl, FZrl, FZlz, Xl, X2, X3, X4

wRrrE (*,*)' ENTERABSOLUTE PERMEABILITY (KABS) :'

READ (*,*) KABS

WRITE (*,*) ' ENTER POROSITY (PHAI): '

READ (*,*) PHAI

v/RrrE (*,*) ' ENTER ENTRY WATER SATURATION (SWE):'

READ (*,*) SWE

WRITE (*,*) ' ENTER ENTRY CAPILLARY PRESSURE (PCE):'

READ (*,*) PCE

WRITE (*,*) 'ENTER MAXIMUM CAPILLARY PRESSURE (PCM):'

READ (*,*) PCM

RQr:O.03 14* SQRT(KABS/PHAI)

PG:PHAV(l-PHAI)

FZI:RQVPG

FZn:LOG10(FZI)

RQr l =(RQI-0.007)/(8.s62-0.007)

PG r :(PG-O.0 64) I (t .s 64 -0.064)

F ZIT:(F Zn+2. I 60X I .3 80+2. I ó0)

swE 1:(sv/E-0. 103y( 1-0. I 03)

PCE 1 :(PCE- I s)l (t21 - t s)

PCM l :(PCM -2 s) I (9 6 s -2s)

xl:-1.015 - (1.s47*RQn) + (1.300*PGt) - (4.l72"LOGl0(FZr2)) - (3.323*PCMI) +

287



*11.52t *lctr) + (2.08 I *swEl)

x2:-r.824 - (0.450*RQ[) - (0.392*PGl) + (0.10s*LOGl0(FZI2) - (1.418*PCMI) -
* (0.758*PCEI) + (0.584*SWEI)

X3: l/(1+(e^-Xl))

X4: 1/(l+(e^-X2))

SWIRI : ((e^(0.2 ls + (33736*X3) - (1. l0l *X4))) - (e"C 0.2 18 + C 3.3736*X3) - (-* r.ror*x+;¡))/((e"(0.218+(3.3736*x3)-(1.101*x4)))+(e"C0.218+(-3.3736*x3)-(-
* l.ro1*x4))))

swrR: (0.913*swlRl) + 0.042

WRITE (* , *) 'IRREDUCIBLE V/ATER SATURATIO¡:', SWIR

STOP

END
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