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ABSTRACT
The understanding of governing mechanisms of multi-phase (oil, water, and gas) flow
in porous media is of keen interest in petroleum and environmental engineering. In the
petroleum engineering context, three-phase flow occurs in several important processes
including in enhanced oil recovery (EOR). Recovery of a significant amount of the
residual oil in reservoirs after primary recovery and secondary recovery (waterflooding)
is important in order to tackle the increasing demand for the energy. EOR methods
mainly involve two and three-phase flow in the reservoir. Relative permeability (kr) and
capillary pressure (Pc) are two important parameters in multiphase flow which describe
the interaction of each fluid in porous media. The importance of these flow functions
will be even more significant for three-phase flow systems.
This thesis attempts to address three key issues.
(i) Improved determination of multi-phase flow functions (kr and Pc).
(ii) The impact of parameters affecting flow functions.
(iii) Prediction of multi-phase flow functions.
Relative permeability (kr) can be measured in the laboratory using steady-state and
unsteady-state methods, or estimated by mathematical correlations and pore-network
models. As multi-phase flow experiments and in particular steady-state measurements
are very time consuming and expensive, more often the unsteady-state method is used
for multi-phase kr measurements. In this thesis, a methodology has been devised for
calculating kr values and in particular three-phase kr from unsteady-state experiments.
The effort was extended to simultaneously calculating Pc from the same coreflood
experiment.
There are different physical parameters which can affect flow functions. The effect of
gas/oil interfacial tension (IFTg/o) on two and three-phase kr and also on residual
saturation during alternative water and gas injections has also been studied.
Finally, two-phase kr have been estimated for rock and fluid conditions where there is
no previous data. This has been achieved by taking data from different conditions under
which measurements were made.
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Chapter 1– Introduction
Multi-phase flow and in particular three-phase flow in porous media is one of the very
active research areas in both petroleum and environmental engineering. In the oil
industry, two- and three-phase flow occurs in secondary recovery and Enhanced Oil
Recovery (EOR) processes including waterflooding, gas injection, tertiary gas injection,
water alternating gas injection, depressurization below the bubble point, gas cap
expansion, solution gas drive, gravity drainage, steam injection and thermal flooding. In
the environmental engineering context, multi-phase flow occurs when a non-aqueous
phase liquid (NAPL) flows simultaneously with water and air through soils and also
CO2 storage in aquifers and geological formations.
In the petroleum engineering context, recovery of a significant amount of the residual
oil in reservoirs after primary recovery and secondary recovery is important in order to
tackle the growing world’s demand for the energy. Therefore, there is a need to seek
means of recovering more of the residual oil left in the reservoirs. Hence, several EOR
techniques have been developed to recover economically a significant portion of this
residual oil which maybe around 40 to 60% of the original oil in place. The majority of
these methods mainly involve two and three-phase flow at different parts of the
reservoir. Some of these methods have sequential drainage and imbibition processes
such as Water-Alternating-Gas (WAG) injection which add the effect of hysteresis to
the complexity of the fluid flow behaviour. Relative permeability (kr) and capillary
pressure (Pc) are two critical parameters in multiphase flow which describe the
interaction of each fluid in porous media. The importance of these flow functions will
be even more significant for three-phase flow systems. These are the input parameters to
the reservoir simulation for modelling the fluid flow in porous media, history matching
the recovery mechanisms and predicting the future performance of the reservoirs.
Extensive laboratory measurements and modelling efforts have been performed in twophase flow area for several decades, but that is not the case for three-phase relative
permeability (kr). The fewer efforts in three-phase flow are mainly because three-phase
flow experiments, and in particular steady-state measurements, are very complicated,
labour intensive, time-consuming and expensive. Furthermore, the presence of three
fluid phases at the same time, means two independent fluid saturations, produces an
infinite number of saturation paths as possible candidates for fluid flow study and kr
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measurements. Therefore, it is not practical to measure kr for all possible three-phase
saturation paths.
Traditionally, two-phase relative permeabilities are measured in a Special Core Analysis
(SCAL) program for some available core samples. Although this practice has been
established in the oil and gas industry, it is still impractical to measure two-phase
relative permeabilities for hundreds of core samples to cover difference regions of a
reservoir or a field. Plausible and robust methods are required to estimate relative
permeabilities for the regions where no core sample or measurement is available. The
effect of different parameters such as absolute permeability, wettability, interfacial
tension (IFT) on kr should be properly included in such a predictive method. The kr and
Pc curves are conventionally measured separately and sometimes even from two
different core samples. Capillary pressure is measured by: mercury porosimetry, the
porous plate method or by the centrifuge method. Using these methods, Pc is measured
at equilibrium conditions and it can be called static Pc. The equilibrium conditions may
not be achievable during multi-phase flow in porous media. The fluid flow is a dynamic
process, and there has been a question around the application of static Pc for modeling
of this process. Moreover, it is not known whether there are any differences between
static and dynamic Pc. Therefore, the simultaneous estimation of kr and Pc from
coreflood experiments to obtain dynamic Pc has gained more interest.
In the last three decades, more attentions has been paid to three-phase flow mechanisms
and specially three-phase relative permeability. Leverett and Lewis (1941) measured the
first three-phase relative permeabilities using the steady-state method. Alizadeh and Piri
(2014) reviewed experimental studies on three-phase kr since 1980.These studies were
involved with investigating the effect of wettability, IFT, spreading, oil layer drainage
and saturation history on three-phase flow functions. Some of these studies are
highlighted in the following paragraphs.
A example of a research study on the effect of wettability at three-phase flow conditions
is the extensive work by Oak (1990). He measured steady-state three-phase kr for
different wettability conditions of water-wet, oil-wet and intermediate-wet on Berea
sandstone cores. DiCarlo et al. (1998) studied three-phase flow in sand packs for three
wettability conditions of water-wet, oil-wet, and fractionally-wet. They used a CT
scanning method to measure the oil and water relative permeabilities.
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A limited number of studies have investigated the impact of IFT on three-phase relative
permeabilities. Delshad et al. (1987) measured steady-state two- and three-phase kr for
low IFT mixture of brine/oil/surfactant/alcohol in Berea sandstone cores. Dria et al.
(1993) reported steady-state three phase CO2/oil/brine relative permeabilities in a waterwet dolomite core. Cinar and Orr (2004) and Cinar and Orr (2005) investigated the
effect of IFT reduction on three-phase relative permeabilities for water-wet wettability
condition using three-phase analogous liquid systems. Cinar et al. (2004) and (2007)
reported three-phase kr measurements that included the combined effects of IFT
variation and wettability.
A research study on characterization of three-phase flow in porous media was initiated
in 1997 at Heriot-Watt University. The experimental research work was started using
micro-models. An extensive list of micromodel experiments in two-phase and mainly
three-phase flow in the form of WAG injections were performed at different wettability
conditions (water-wet, mixed-wet and oil-wet). The results of these micromodel
experiments showed that the residual oil saturation to secondary water flooding or
secondary gas injection decreases at three-phase flow conditions. Therefore, the
experimental study was extended to the core scale displacement experiments (Sohrabi et
al. (2000, 2005 and 2008)). The coreflood studies started with series of two-phase
displacement experiments in water-wet and mixed-wet 1000 mD Clashach sandstone
core at high (2.7 mNm-1) and very low (0.04 mNm-1) IFT conditions (Sohrabi et al.
(2007)). A series of three-phase flow and WAG injections was performed on 1000 mD
mixed-wet core at the IFT above values. The next set of coreflood experiments was
conducted on 65 mD Clashach sandstone core. Similar to the 1000 mD corefloods, two
different wettability of water-wet and mixed-wet and different gas/oil IFT conditions
were considered in these series of experiments. In summary, the effect of rock
permeability, wettability, and gas/oil IFT conditions were studied for two- and threephase flow systems (Fatemi et al. (2011, 2012 and 2015)).
As it was mentioned before, it is not practical to measure kr for all possible three-phase
saturation paths. Furthermore, for the purpose of numerical simulation, it is preferred to
have a correlation to estimate the three-phase relative permeabilities accurately. Stone
(1970) introduced a probability method which uses two-phase kr data for oil/water and
gas/oil systems to predict the three-phase oil relative permeability. In 1973, Stone
modified his first models by including two-phase gas and water kr into the formulation.
Both models were proposed for water-wet systems and assuming water and gas relative
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permeabilities are only function of their saturations. Modification to the Stone’s first
model was suggested by Hustad and Holt (1992). They introduced an exponent to the
saturation term of the correlation and used that exponent as a tuning parameter to obtain
a better match between results of their numerical simulation and experiment.
Baker (1988) proposed an interpolation method to calculate three-phase kr for all three
phases (oil, water, and gas) using two-phase kr data. In his method, three-phase kr of
each phase is assumed to be a function of saturations of two other phases. Hustad and
Hansen (1995), proposed a model for three-phase relative permeabilities which had the
basis of Baker’s model. Later, Hustad and Browning (2010) proposed a formulation to
calculate three-phase kr and Pc and account for hysteresis for compositional simulation.
Blunt (2000) introduced a model based on saturation-weighted interpolation between
the two-phase relative permeabilities. The special feature of this model is accounting for
oil layer drainage in the calculation of relative permeability. Other different models
have been developed to predict three-phase kr from two-phase kr data, such as Jerauld
(1997) and UTKR3P (2013).
Delshad et al. (1987); Delshad and Pope (1989), Pejic and Maini (2003), Petersen et al.
(2008) and some other researchers have undertaken studies to evaluate the performance
of the existing three-phase kr models in predicting kr values. The common conclusion
from these assessment studies is that none of the models can predict the measured threephase relative permeabilities from different sources. These studies showed that the
three-phase kr models are not capable of accounting for the effect of different
wettability, interfacial tension, and saturation directions. Therefore, an extensive bank
of three-phase experimental data and kr is required to characterize three-phase flow in
porous media and propose a robust predictive three-phase kr model.
It is worth mentioning that the concept of Pc is still an ambiguous subject in three-phase
flow systems, and more research should be performed to shed light on this area.
The general theme of the thesis is a characterization of multiphase flow in porous
media. The overall purpose is to address some issues in two- and three-phase flow
systems which are still outstanding. This research was carried out alongside extensive
experimental research studies. The objective of the research is to (i) develop a
methodology and a computer program to estimate flow functions (kr and Pc) from the
two- and three-phase coreflood experiments, (ii) Secondly, by having the developed
program there is a facility to estimate kr for different phases in multiphase flow
4
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conditions and to characterize this flow function, (iii) as it is not always possible to
perform either steady-state or unsteady state coreflood experiments for the purpose of
measuring relative permeability, a normalization technique was introduced, evaluated
and improved in order to estimate a kr curve from already measured kr curves obtained
from another rock which might have different rock permeability, wettability and IFT
conditions.
1.1.

Structure of the Thesis

Chapter 1&2- The first chapter of the thesis highlights the motivations behind this
work and introduces different aspects of the performed research study. The second
chapter presents the experimental procedures and the facilities used in the Centre for
Enhanced Oil Recovery and CO2 Solutions at Heriot-Watt University for performing the
coreflood preparations and experiments. The hydrocarbon fluids and brine and also rock
properties are summarized. Different preparation procedures including establishing
initial water saturation and alternating wettability to mixed-wet wettability have been
elaborated in detail.
Chapter 3- This chapter is devoted to highlighting the importance of measuring threephase kr curves. We explain the methodology of estimating this flow function from
measured unsteady-state coreflood experiments (two- and three-phase) results. Usually,
the recovery of different phases and pressure drop across the core are measured during
an experiment. The most common explicit method to calculate kr from the measured
results is the Johnson–Bossler–Naumann (JBN) method (Johnson et al. (1959)). In the
implicit or parameter estimation method, kr values are estimated using history matching
technique. A functional form of kr containing tuning parameters is selected for each
phase, and an advanced optimization technique is used to match the experimental data
to the simulation results. The process of history matching is an iterative process, and it
is repeatedly attempted by changing the tuning parameters within the functional form of
kr until the closest match is obtained. The implicit method has been selected for
estimating kr and by using MATLAB a computer program developed and Genetic
Algorithm implemented as the non-linear global optimizer. This program can estimate
two- and three-phase kr curves from two- and three-phase unsteady state coreflood
experiments respectively.
Chapter 4- Chapter 4 is dedicated to simultaneous estimation of two critical flow
functions of kr and Pc from unsteady state coreflood experiments. These two flow
5
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functions have been conventionally measured separately, and the measurements are not
usually performed on the same rock sample. The drawback to determining kr and Pc
separately is that they may not be consistent with each other, and the measured Pc does
not correspond to the kr which is measured from a dynamic flow system. Therefore,
simultaneous determination of Pc and kr for a given system would be preferred. History
matching techniques have been applied to estimate kr and Pc simultaneously from
unsteady state coreflood experiments. Some in-situ measurements such as saturation
and pressure profiles may be included in the history matching data to reduce the
associated non-uniqueness problem of history matching, but this information is rarely
available. Conventionally, two independent functions were used to generate these two
flow functions in the process of the history matching. A new methodology has been
developed to honour a known relationship between the core kr and the Pc curve and to
improve the optimization process and the accuracy of the estimated Pc and kr. Making
the kr function dependent on the Pc in the history matching process will reduce the
number of tuning parameters and is expected to reduce the uncertainty associated with
the history matching process.
Chapter 5- The effect of gas/oil IFT on two- and three-phase relative permeabilities has
been studied in Chapter 5. Firstly we investigated the effects of gas/oil IFT reduction on
two- and three-phase relative permeabilities according to the literature and the results of
our experimental studies on 65 and 1000 mD cores at three different gas/oil IFT values
of 0.04, 0.15 and 2.7 mN.m-1. We used the developed computer program to estimate
two- and three-phase relative permeabilities from the results of coreflood experiments.
The general perception is that the IFT reduction results in an increase in kr of existing
phases at each saturation value. A significant amount of studies have been performed on
the two-phase systems and although there is no single conclusion but more insight has
been gained on the effect of IFT reduction on the two-phase kr. However, for the threephase system, there is still a long journey to take in, to appreciably understand and
model the effect of IFT change on the three-phase kr. The Second objective is to
evaluate the frequently used Coats IFT scaling method against our two-phase
experimental data. The common practice is that the two-phase kr is usually measured at
high IFT values and for simulating a process that has to change IFT value, towards
miscible conditions, a modification is applied to the high IFT kr data to calculate their
value at lower values of IFT. Application of this method has been evaluated for twophase data.
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Chapter 6-The objective of Chapter 6 is to predict the gas/oil kr for new rock/fluid
conditions (i.e., permeability, wettability, IFT) using existing gas/oil kr data measured at
different conditions. Using measured data from coreflood experiments, we showed that
by applying an appropriate normalization technique, one can adequately predict kr of
rocks with different permeability and wettability conditions in two-phase gas/oil flow.
However, the results showed that the effect of IFT change cannot be captured by
normalization techniques. A new hypothesis has been introduced and proposed here
based on Dynamic Trap Saturation to improve the methodology. Finally, the aim is to
devise ways and means of estimating relative permeabilities, using available kr data of
one set of rocks and relevant fluid conditions, for different rocks and conditions. We
have measured two-phase gas/oil kr for two Clashach sandstone cores with similar pore
size distribution and absolute permeability of 65 and 1000 mD, under mixed-wet and
water-wet conditions, with low and high gas/oil IFT.
Chapter 7- Finally in Chapter 7 the conclusions drawn from this research study are
summarized. Moreover, recommendations for further and future works in the relevant
research areas are presented.
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The characterization of three-phase flow in porous media and Water-Alternative-Gas
injection (WAG) is a joint industrial project in Heriot-Watt University which started in
1997. The new phase of the project which has a wider scope was commenced in 2014
with the new title of “Improved Characterization of Two- and Three-Phase Flow for
Reliable Reservoir Performance Prediction (Water Flooding, Gas Injection, and WAG
Injection)”. A comprehensive set of coreflood experiments including two- and threephase experiments were performed using different sandstone cores with different
permeability and wettability conditions and at various gas/oil interfacial tension (IFTg/o)
values. In the new phase of the project, different cores of carbonate rocks and low
permeability sandstone have been used. The experiments utilized in this research for
simulation, history matching and modelling purposes were conducted by other Ph.D.
students (AlAbri, M., and Fatemi, S. M.), and the present author was not involved in
performing experiments and the laboratory work.
In addition to experimental data which was obtained in Heriot-Watt University, some
published experimental data in the literature has been utilized by the present author.
More detail will be presented accordingly. This chapter describes the coreflood
facilities, rock, and fluids used at Heriot-Watt laboratory to perform unsteady state
coreflood experiments.

10

Chapter 2-Coreflood Experiments

2.1

Coreflood Facilities

A high-pressure coreflood facility is used to perform two and three-phase experiments.
The coreflood rig can take long core up to 3 feet with a large diameter up to 2 inches
and it is equipped with an X-ray scanner. The X-ray scanner provides scans of the core
before, during, and after the experiments which can be used to monitor the fluid
distribution during the flow and to check the experimental artefacts, such as capillary
end effect. The rig has been designed to work at high pressures up to 6000 psia, with all
components and their content being kept at a controlled temperature of 38 °C. Figure
2-1 shows a schematic diagram of this coreflood rig. In all the displacement tests, the
cores are oriented horizontally and to eliminate the effect of gravity; the cores are
rotating along the horizontal axis.
The coreflood rig is equipped with six pumps which are used for the injection purposes.
The test fluids are maintained in stainless steel piston cells, with brine being injected
into or withdrawn from the base of the cells by the displacement pumps to circulate the
fluids around the flow system. To allow circulation of fluids through the core, two cells
are allocated for each fluid; one is initially full, and the other is empty. A large 100 cc
sight glass is placed at the core outlet. The pressure drop across the core is measured
using two high accuracy transducers located at the inlet and outlet of the core. The
transducers provide stable differential pressure data with an accuracy of 0.01 psi during
the tests.

Figure 2-1: High-pressure coreflood facility used for displacement tests.

2.1.1

Porous Media (Cores) and Fluids

Two clean and homogenous Clashach sandstone cores with the different permeability
were used for performing unsteady-state coreflood experiments. The physical properties
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of these cores are given in Table 2-1. Porosity values have been measured using the
Helium porosity method. The core was then saturated with 100% brine (the same brine
that is utilized for the coreflood experiments), and permeability values were measured,
using the brine. Before performing the coreflood tests, an X-ray scan was run, and the
profile of porosity along the core was obtained. Figure 2-2 depicts the profile of the
porosity along the length of the 65mD core. The average porosity from this profile is
consistent for the measured porosity using Helium. Apart from some normal
fluctuations in the profile, the porosity value is relatively the same along the core, which
indicates that there are no major heterogeneities in the core. Both cores were chosen to
be long enough to minimize the capillary end effect while performing flooding tests.
Table 2-1: Physical properties of the 65 and 1000 mD Clashach sandstone core samples.
Core

Absolute

Porosity

Length/cm

Diameter/cm

Permeability/ mD
1

65

0.1818

60.5

5.08

2

1000

0.176

66.5

4.86

Figure 2-2: Porosity profile along the 65 mD Clashach sandstone core sample.

The pore size distribution for three Clashach sandstone core samples was examined
using their mercury injection Pc curves of three samples with a broad range of
permeabilities (140, 553 and 1000 mD). Figure 2-3 shows that the Clashach sandstone
shows similar pore size distribution for different permeabilities.
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Figure 2-3: Pore size distribution of Clashach sandstone in a wide range of permeability.

The hydrocarbon fluid system used in the coreflood experiments was prepared from a
binary mixture of methane (C1) and n-butane (nC4). The mixture has a composition of
73.6 mol% C1 and 26.4 mol% n-C4. Table 2-2 shows the measured properties of the
hydrocarbon vapour (gas) and that of hydrocarbon liquid (oil), at the test temperature of
38 oC (100 ºF), and different test pressures (corresponding to different gas/oil IFT
values). As the critical pressure of this hydrocarbon system at 38 oC is about 1865 psia,
the test pressure of 1840 psia is very close to the critical point, and hence, the gas and
oil are nearly miscible. Therefore, the test pressure of 1840 psia (which is corresponding
to very low gas/oil IFT value of 0.04 mNm-1) will be considered as near-miscible
conditions. At the test pressure of 1790 psia, gas/oil IFT is 0.15 mN.m-1, and this
condition will be considered as intermediate IFT system, compared to the tests at a
pressure of 1215 psia in which the gas/oil system will be seen as immiscible (gas/oil
IFT = 2.7 mN.m-1).
Table 2-2: measured fluid properties for C1-nC4 binary mixture at 38 oC.
Pressure

ρg

ρL
-3

/kg.m

µg

µL

-3

IFT

/mPa.s

/mPa.s

/mN.m-1

/psia

/kg.m

1215

86.68

466.06

0.0141

0.0793

2.70

1790

184.8

345.10

0.0206

0.0474

0.15

1840

211.4

317.40

0.0249

0.0405

0.04

The immobile water phase and the brine used in the experiments were synthesized with
small amounts of Sodium Chloride (NaCl) and Calcium Chloride (CaCl2) dissolved in
13
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distilled and degassed water. Table 2-3 shows the properties of the brine at 38 oC. The
brine composition was designed to prevent possible adverse reaction between the brine
and clay such as swelling and it was not supposed to be representative of any reservoir’s
brine.
Table 2-3: Properties of synthetic brine at an experimental temperature of 38 oC.
Salinity /
mg.L

Density / g.L-1

Viscosity /mPa.s

-1

1000

IFTo/w

IFTg/w

-1

/mN.m-1

/mN.m
992.96

0.68

55

60

To minimize the mass transfer during the coreflood experiments, all the fluids (oil, gas,
and brine) were pre-equilibrated at average test pressure and temperature. They were
kept in equilibrium in the high-pressure transfer vessels, which were placed in a
temperature controlled oven. The mixing process was repeated several times before
each displacement test to ensure that phase equilibrium conditions were satisfied.
2.1.2

Establishing Irreducible Water Saturation

Establishing immobile water saturation was a long process of sequential displacements.
First, the core was fully saturated with water after being cleaned. Then, water was
displaced using viscous mineral oils, and the injection continued until no further water
production. The mineral oils were displaced over a period of days using decane (C10).
Decane was then displaced by injecting methane (C1) at high pressure, ensuring
miscible displacement. Finally, C1 was displaced by equilibrated oil (C1-nC4) at test
conditions to initialize the experiment. To make sure no vaporization of the water in the
core occurred during the tests, C1 and C10 were maintained in equilibrium with water
before the injection. The establishment process resulted in 8% and 18% irreducible
water saturation for 1000mD and 65mD cores, respectively. The profile of the
established irreducible water saturation along the core was also obtained using X-ray
analysis. Figure 2-4 shows irreducible water saturation (18%) profiles along the 65mD
core for both water-wet and mixed-wet samples, which are very close and indicate that
the established irreducible water saturations for the two wettability conditions are the
same.
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Figure 2-4: Established immobile water saturation along the core, obtained from X-ray for 65mD
water-wet and mixed-wet cores.

2.1.3

Development of Mixed-Wettability

Core wettability can be altered by either suitable chemicals or aging in suitable crude
oils. Although using chemicals for alternating the wettability is less time consuming and
also has a relatively simpler procedure the stability of the wettability is poor. Aging in
crude oils has a more difficult procedure and is longer. However, once the desired
wettability condition has been achieved, it could be very stable and durable. A suitable
crude oil was identified for wettability alteration. The procedure was tested on thin
sections and small core plugs taken from the same rock before attempting to alter the
wettability of the main rock. Wettability of the treated thin sections was evaluated by
direct visualisation using Environmental Scanning Electron Microscope (ESEM) where
the surface of thin sections was exposed to water condensation in an enclosed chamber.
Figure 2-5 (a) shows a magnified picture of rock grains in a thin untreated section.
Because the rock was strongly water-wet it was not possible for the condensing water to
form droplets on the surface, the water would instead cover the grain surface with a
spreading layer. This thin section was soaked in the crude oil and after four days, its
surface was gradually exposed to water condensation. The water was observed to form
droplets of varying size and contact angle on the surface which is shown in Figure 2-5
(b). This was the result of the surface being exposed to the crude oil and wettability
alteration by adsorption of organic material to the grains surface (Fatemi et al. (2011)).
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Figure 2-5: (a) ESEM picture for a thin section of water-wet rock: Water films were formed on the
grains (b) ESEM picture for a thin section of mixed-wet rock: Water formed droplets on the grain
surfaces rather than films.

Wettability of the treated core plug was evaluated by performing a US Bureau of Mines
(USBM) test (Sohrabi et al. (2007)). USBM index of (-0.02) was determined by
measuring the capillary pressure curves, using the centrifuge technique. The index value
shows that the core wettability was mixed-wet with an average neutral wettability.
2.1.4

Capillary Pressure Data

Figure 2-6 and Figure 2-7 show the measured air/mercury Pc for 1000 mD water-wet
core and oil/water Pc for 1093 mD mixed-wet core (obtained during USBM wettability
determination test), respectively. Currently, these are the only available measured data
for Pc. The Leverett J-function (Eq.2-1) is employed to convert these Pc data for the
core and condition of interest.

J

Pc K


 cos 

2-1

Pc, K,, σ and θ are capillary pressure, absolute permeability, porosity, IFT and contact
angle respectively. The similarity of their pore size distribution between two rocks is the
main reason that justified use of the J-function to convert Pc data from one rock type to
another. As it was shown in Figure 2-3, the Clashach sandstone shows similar pore size
distribution for a broad range of permeabilities (140, 553 and 1000 mD). It has been
assumed that the 65mD Clashach sandstone core also has a similar pore size
distribution.
The interfacial tension between fluids and contact angle (θ) are required to apply the Jfunction method. The IFT values for water/oil (58 mNm-1) and water/gas (60 mNm-1)
were extracted from published measured data (Hassan et al. (1953) and Danesh (1998)).
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Contact angles of 0° and 37° were assumed for the water-wet and mixed-wet core
samples respectively. The converted Pc data was then used as input information in the
simulator when calculating the two-phase kr curves by history matching the coreflood
experiments.

Figure 2-6: Measured air-mercury capillary pressure for 1000 mD water-wet core.

Figure 2-7: Measured oil/water capillary pressure obtained during USBM wettability determination
test carried out on 1093 mD mixed-wet core (Sohrabi et al. 2007).

2.2

Coreflood Experiments

Relative permeability is measured in the laboratory using two methods of ‘steady state’
and ‘unsteady state’ experiments. It is possible to measure relative permeability directly
for a wide saturation range using the steady state method, but it is very time-consuming.
In the unsteady state method or ‘displacement experiment’ for a two-phase system, the
core is initially saturated with one fluid (e.g. water) then another liquid (e.g. oil) is
injected into the core to displace the first fluid, at a specific rate. Injection is continued
17
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until residual saturation of the displaced fluid is achieved. The pressure drop across the
core and production data are recorded during the experiment and used to calculate
relative permeabilities. The unsteady state method is less time consuming than the
steady state method, but the saturation range for relative permeability is limited.
To generate a reliable source of data for fluid flow characterization and simulation
purposes, a high-quality set of coreflood experiments were conducted in 65 and
1000mD water-wet and mixed-wet Clashach sandstone cores. All the two- and threephase coreflood experiments were performed using the unsteady-state method.
The effects of different parameters such as absolute rock permeability, wettability, and
gas/oil IFT values on oil recovery, the performance of gas and water alternating gas
(WAG) injections and also relative permeability were investigated. These experiments
include two-phase and three-phase flow systems and were performed in the presence of
irreducible (connate) water saturation. The results of the unsteady-state two- and threephase displacement tests which have been used in this thesis will be introduced in the
relevant sections, and more details of experiments including total injected fluid,
injection rate, and initial fluid saturations will be presented accordingly.
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Chapter 3– Estimation of Three-Phase Relative Permeability (kr) from
Unsteady-State Coreflood Experiments

The understanding of governing mechanisms of simultaneous flow of different phases
(oil, water, and gas) in porous media is of great interest in petroleum and environmental
engineering. In the petroleum engineering context, three-phase flow occurs in EOR
processes including tertiary gas injection, water alternating gas injection (WAG),
depressurization below the bubble point, gas cap expansion, solution gas drive, gravity
drainage, steam injection and thermal flooding. In the environmental engineering
context, three-phase flow occurs when a non-aqueous phase liquid (NAPL) or dense
non-aqueous phase liquids (DNAPL) flows simultaneously with water and air through
soils and also CO2 storage in geological formations.
Relative permeability (kr) is an important flow function for understanding, describing
and simulating multiphase flow through porous media. kr can be measured in the
laboratory using steady-state and unsteady-state methods, or be estimated by
mathematical

correlations

and

pore-network

models.

Extensive

laboratory

measurements and modelling were performed in two-phase flow area (Honarpour et al.
(1986)), but three-phase kr did not receive similar attention. This is mainly because
three-phase flow experiments and in particular steady-state measurements are very
complicated, labour intensive, time-consuming and expensive. Therefore, more often
unsteady-state method as the less cumbersome method compared to the steady-state is
used for three-phase kr measurements. In this chapter, the devised methodology for
estimating kr values from unsteady-state coreflood experiments is demonstrated.
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3.1

Introduction

Relative permeability (kr), capillary pressure (Pc) and fluid saturations are important
macroscopic properties for describing multiphase flow through porous media. To
understand multiphase flow in porous media, the relationships among these properties
should be understood. These relationships are dependent on the fluids’ properties, the
pore size distribution, and the saturation history and are used in diffusivity equations to
describe the fluid flow in porous media.
The most common approach currently used to calculate the three-phase kr to be
employed in the numerical simulation of three-phase flow in porous media is based on
available empirical correlations (models) which use laboratory-measured two-phase kr
data. These models have little or no physical basis, and the published evaluations on
them (Cao & Siddiqui (2010), Delshad & Pope (1989), Baker (1988)) have
demonstrated that calculating three-phase relative permeabilities by using measured
two-phase kr data may lead to erroneous results. Moreover, to characterize three-phase
kr and understand the effect of parameters, e.g., wettability, IFT, saturation history on
flow function it is required to measure three-phase kr experimentally.
In steady state method for a two-phase system, the core is initially saturated with one
fluid (e.g. water), and a specific ratio of the same fluid (water) with another fluid (e.g.
oil) is injected into the core. The injection continues until the production rate for each
fluid is the same as its injection rate and the pressure drop across the core is stabilized.
For three-phase systems, all fluids are injected simultaneously at given ratios, until
steady-state conditions are attained. It usually takes a more extended period to establish
steady-state flow. Each experiment run gives one kr point only. To obtain more kr
points, the experiment is run for several different ratios of injection fluids. Using
steady-state method, it is possible to calculate kr directly from Darcy’s law for a wide
saturation range, but it is very time-consuming.
In the unsteady-state method or ‘displacement experiment’ for a two-phase system, the
core is initially saturated with one fluid (e.g. oil) then another fluid (e.g. water) is
injected into the core to displace the first fluid, at a specific rate. Injection is continued
until residual saturation of the displaced fluid is achieved. For a three-phase system, one
fluid is injected to displace the other two existing fluids in the core (Figure 3-1). The
pressure drop across the core and production data are recorded during the experiment
and used to calculate relative permeabilities. The unsteady-state method is less time
consuming than steady-state method but the saturation range for kr is limited, and its
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calculation is more complicated than for the steady-state method. The most common
method to calculate kr from production and pressure data obtained from the two-phase
unsteady-state experiments is the JBN method (Johnson et al. 1959). It is an analytical
method and is based on the Buckley–Leverett theory of two-phase flow in porous
media. In this explicit method, the saturations and corresponding relative permeabilities
at the end of the core sample are calculated directly. To apply the proposed analytical
solution the following simplifying assumptions should be made; the fluids are
incompressible and immiscible, the flow is one-dimensional, isothermal and the
capillary pressure is neglected. Therefore, this method is not appropriate for low rate
displacement in which the effects of capillary forces are not negligible. The other
limitation of JBN method is that it is required to differentiate the experimental data, and
this differentiation may exaggerate the errors in the measured data and affect the
accuracy of calculated relative permeabilities (Kerig & Watson (1987)). JBN method
can also be extended to three-phase flow systems. Virnovskii (1984) presented a method
based on the JBN method to determine three-phase relative permeabilities from an
unsteady-sate coreflood experiment. The required data are the same as for the standard
JBN method.

Figure 3-1: Three-phase unsteady-state coreflood experiment. One fluid displaces the resident phases.

The other approach is parameter estimation using numerical simulation and history
matching the measured experimental data. For two-phase systems, Sigmund and
McCaffery (1979) and later, Batycky et al. (1981) developed a procedure to characterize
kr curves by two unknown parameters. They used their parameterized kr curves to
simulate a displacement experiment while allowing for the capillary pressure effects in
the simulation. A non-linear least square method was then applied to fit the calculated
pressure drops and production data from the simulation with the measured data obtained
from the experiment. They varied the parameters mentioned above, describing their
relative permeabilities, in the simulation until the least square error was minimized.
Kerig and Watson (1986) used the parameter estimation approach and presented the
relative permeabilities by cubic spline functions. They used the Marquardt’s
modification of Gauss-Newton minimization algorithm to estimate the parameters.
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Kulkarni et al. (1998) and Eleri et al. (1995) estimated kr with a B-spline model and a
modified Levenberg-Marquardt algorithm (1963).
Most of the optimization tools mentioned above are gradient-based techniques which
require calculating the gradient of the objective function, and local optima may not be
avoided. Global optimization methods, such as simulated annealing algorithm (SA),
genetic algorithm (GA) and ensemble-based history matching have also been attempted
to find the global optimum. Ucan et al. (1993) and Schembre and Kovscek (2006) used
simulated annealing, Sun and Mohanty (2005) applied the genetic algorithm and Zhang
et al. (2012) implemented Ensemble Kalman Filter (EnKF) to estimate flow functions
from unsteady-state two-phase flow experiments.
Mejia et al. (1996) and Nordtvedt et al. (1997) extended the method originally
introduced for two-phase systems by Kerig and Watson (1986) to three-phase flow
displacement experiments. They used gradient-based optimization methods (e.g.,
Levenberg-Marquardt) to find appropriate values of the parameters for three-phase flow
functions. This optimization method is adequate for obtaining two-phase kr from twophase coreflood experiments. For three-phase kr calculation which has a larger number
of unknown parameters this method may not be efficient, and the trapping in the local
minima is unavoidable.
In the current research study, a computer program was developed as an optimization
tool to obtain three-phase kr from three-phase unsteady-state coreflood experiments. A
Genetic Algorithm (GA) (Holland (1975)), was implemented as the optimization
method to globally minimize the objective function through a process of a history
matching. The objective function is simply defined as the differences between the
experimental data and the results of numerical simulation. The main purpose is to
provide an automatic history matching tool to researchers, practicing reservoir engineers
and petrophysicists to obtain two- and three-phase relative permeabilities from the
corresponding two- and three-phase coreflood experiments. To the best of our
knowledge, the current commercial softwares work for two-phase experiments, and
there is no commercial software in the oil industry for calculating three-phase relative
permeabilities from unsteady-state coreflood experiments.
The performance of the automatic history matching depends on the simulator or the
mathematical representation of the fluid flow in porous media, functional form of flow
function (e.g., kr) and the optimization method. The mathematical model should
adequately represent the physical mechanisms happening during the displacement
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experiment. The functional form of kr curves should have enough flexibility and the
generated kr for any phase should increase as saturation of that phase increases. Global
optimization methods are strongly recommended. Moreover type, quantity and quality
of measured data have a significant impact on the accuracy of history matching results.
3.2

Automatic History Matching

The applied workflow for the automated history matching process is shown in Figure
3-2. The mathematical representation of the flow functions, the coreflood simulation,
and the optimization algorithm have been demonstrated as the main components of the
process. The process starts with an initial guess for the parameters of the kr functions.
The kr values will be calculated according to the initial parameters and be provided to
the numerical simulation. The difference between experimental and simulation results,
referred to as objective function or misfit, is minimized iteratively by adjusting the
parameters of kr functions until a certain error tolerance is achieved.
An objective function is formulated as a sum of squared differences between the
measured data and the corresponding values calculated from the mathematical model of
the experiment. The measured data can be divided into two types of internal and
external measurement. The in-situ saturation and pressure profile during the dynamic
flow are examples of internal measurements. These data are rarely available as they
need more sophisticated facilities to measure them. Moreover, most of the saturation
measurement methods are indirect, and the measured data should be analysed and
converted to the saturation values. The externally measured data includes cumulative
productions and pressure drop across the core. These data are the most available data
from a coreflood experiment. The definition of a misfit (objective) function can be
altered according to a number of phases available in a coreflood experiment and also the
type of available measured data. Equation 3-1 can be used as a misfit function for a
three-phase flow system when the cumulative production of all phases, the pressure
drop across the core and the water saturation at different cross sections and also at
various times are available as the measured data.
Nt
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where Q is the cumulative production of each phase, ΔP is the pressure drop across the
core sample, S is the saturation, and W is the weighting factor. The superscripts Exp and
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Sim represent the experimental and simulated quantities, respectively; the subscript i
represents the value at time point i; and the subscript j represents the saturation value at
the spatial location j. The subscripts o, w and g represent the oil, water and gas phases
respectively. Nt and Nts are the number of sampling time points for external data and
internal data respectively. Nls is the number of cross sectional slices.
The weighting factor for each data type, Wx, is defined as the combination of user
defined weighting factor (w) and the maximum-likelihood weighting factor ( 1  x2 )
presented in Eq. 3-2.  x2 is the variance of the experimental measurement errors for data
type x. In this study, the mean squared value of each data type has been used instead of
the variance and w is equal one.
Wx 

w

3-2

 x2

Figure 3-2: Workflow for determination of three phase kr values from unsteady-state coreflood
experiment

3.2.1

Mathematical Model (Coreflood Simulation)

The mathematical equations representing the immiscible three-phase flow in porous
media (Eq.3-3 to 3-5) are obtained by substituting Darcy’s Law into the mass
conservation equation for each phase. The mass transfer between oil and gas has been
neglected. For more details on the derivation, see Aziz and Settari (1979).
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3-5
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Where kr, μ, P, q, S are respectively the relative permeability, viscosity, pressure,
injection or production rate and saturation of different phase of oil, gas and water.
Permeability, porosity, and time are denoted by k,  and t respectively. Eq.3-3 to 3-5
contain six dependent variables. Three additional relations are required to describe
three-phase flow completely. The relationship among saturation values of the three
phases is defined by the fact that the summation of the saturation values is always equal
to one.
So + Sg + Sw= 1

3-6

The relationship among the pressure values of existing phases can be defined by the
capillary pressures between each pair of fluids.
Pcgo = Pg - Po

3-7

Pcow = Po - Pw

3-8

The multi-phase flow equations are so complex that it is not possible to solve them
analytically, and practically these equations can only be solved numerically. The most
common numerical method is based on finite difference approximation of the flow
equations. Generally to simulate a coreflood experiment, the simultaneous onedimensional (1D) flow of multiphase should be modelled. Therefore, Eq.3-3 to 3-5 is
simplified to 1D and the initial and boundary conditions corresponding to the
experiment are imposed and equations will be solved numerically. A core sample and
its equivalent Cartesian model (discretised) is shown in Figure 3-3. The core sample and
the Cartesian model have the same cross-sectional area. For a horizontal coreflood
experiment, the flow is in the X direction, and as the diameter of the core is smaller than
its length, the flow in the Y and Z directions is negligible. To ensure there is no gravity
effect (flow in the Z direction) the core can be rotated during the experiment. For a
vertical coreflood experiment, the flow is in the Z direction, and the flow in the X and Y
directions is negligible. For the numerical simulation, Eclipse Black-oil simulator is
used in this research study. Therefore, the 1D simulation model is built in Eclipse, and
all physical features in this simulator can be used to model properly the mechanisms
happening in the experiment. By applying numerical simulation, the capillary forces
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between fluids and gravity effects can be included in the simulation, unlike the JBN
method.

Figure 3-3: Horizontal core and equivalent 1D Cartesian gridding in X direction.

3.2.2

Functional Form of Relative Permeability (kr)

There are two functional forms for representing the relative permeability; parametric
and non-parametric representations. The parametric presentations are usually analytical
correlations which define the relationship between kr and saturation. The Corey (1954)
model is a simple power law function with only one empirical parameter and is the most
widely used model. It defines kr curves by endpoints and exponential factors. The
Corey model has limitations to exhibit the flexibility to capture the different observed
shape of kr curves. Chierici (1984) proposed an exponential formulation with two
parameters for each kr curve. This correlation is more flexible than the Corey model.
However, as the results of studies by Lomeland et al. (2005) and Moghadasi et al.
(2015) showed, the Corey and Chierici models are not flexible enough to capture the
entire saturation range of kr curves. Lomeland et al. (2005) proposed a three-parameter
model which shows enough flexibility to capture different shapes of kr over a wide
saturation range. This model is known as LET model.
Unlike parametric models, the nonparametric models are more flexible. One of the most
commonly used nonparametric models is B-spline. Although B-spline curves are very
flexible and have more degree of freedom, they cannot always guarantee the
monotonicity of kr curves. Also, the estimated kr curves may have one or several breaks
(Eydinov et al. (2007)) and sometimes irregular shapes. It is worth mentioning that Bspline models may introduce more non-uniqueness to the estimation due to their
numerous unknowns. The higher the number of unknowns in B-spline model, the more
uncertainty will be associated to the solution.
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In this study, a power-law model (Corey) which has the least number of parameters for
history matching and also the flexible and versatile model of LET are used to represent
the kr curves as two separate options.
Corey Model
Corey (1954) introduced a simple power law function with only one empirical
parameter. Using the Corey correlation for oil and water system, the oil and water
relative permeabilities are as follow:
0
k row  krocw
(1  S w* ) now

3-9

0
k rw  k rw
(S w* ) nw

S w* 

3-10

S w  S wco
1  S wco  S orw

3-11

For two-phase gas/oil system at connate water saturation (irreducible water saturation)
with gas injection, the kr curves can be obtained using Corey model as follow:
0
krog  krocw
(1  S g* ) nog

3-12

k rg  krg0 (S g* ) ng

3-13

S g* 

Sg

3-14

1  S wco  S org

The curvatures of the kr curve are given by the parameter “n”, e.g., nw for water kr. Swco
is irreducible water saturation and Sorw and Sorg are residual oil saturation after twophase water flooding and gas injection respectively. The end point relative permeability
0
0
for oil (at irreducible water saturation), water and gas are presented by k rocw
, k rw
and k rg0

respectively.
0
0
Swco and k rocw
are well determined while Sorw, Sorg, k rw
and k rg0 are uncertain due to lack

of information. The “n” parameter for varying the curvature of all kr curves (now, nog,
0
0
nw, and ng), all end point relative permeabilities ( k rocw
, k rw
and k rg0 ) and residual oil

saturations (Sorw, Sorg) are considered to be matching parameters to enhance the
flexibility of the Corey curves.
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LET Model
LET model was proposed by Lomeland et al. (2005) as a three-parameter model with
more flexibility compared to the Corey model and can reconcile the measured
experimental kr data. The LET kr curves for oil/water and gas/oil systems are as follow:
w
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w
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The empirical model parameters are L, E, and T for each kr curve. Values of T and L
describe the shape of the upper and lower parts of the kr curve respectively. The
parameter E describes the position of slope or the elevation of kr curve. As the value of
E increases, the slope moves toward the high end of the curve and as it decreases the
slope moves toward the lower end. Practical experience using this model indicated that
L  1, E 0 and T  0.5 (Lomeland et al. (2005)). The physically meaningful parameters
of LET model are residual oil saturations (Sorw, Sorg) and endpoint relative permeabilities
0
0
( k rocw
, k rw
and k rg0 ).

Having these parameters, the LET model behaves flexibly and produces smooth and
physically meaningful curves of kr. The model can reconcile most of the measure kr data
and capture the variable behaviour of kr curve across the entire saturation range
(Moghadasi (2015), Ebeltoft et al. (2014), Lomeland et al., (2005)).
Three-phase relative permeability calculations
For the three-phase flow system, there are three kr functions (kro, krg & krw) to be
estimated. According to the research results of many researchers, the three-phase kr of
the most wetting and non-wetting phases in water-wet and mixed-wet rocks are only
function of their own saturations. Therefore, the three-phase water kr can be presented
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as a function of water saturation. This is also similar for the three-phase gas kr. For the
intermediate phase, oil, the three-phase kr is a function of the saturation of the other two
phases, gas and water. Therefore, to estimate three-phase kr from a coreflood
experiment, the functional form of oil, gas and water will be presented as follows:
kro = kro (Sw, Sg)
krg = krg (Sg)
krw = krw (Sw)
For the gas and water functional form, the Corey and LET models are adequate. The
functional form of kro should account for the effect of gas and water phases. Many
empirical correlations have been proposed so far for estimation of three-phase kr using
two-phase gas/oil and oil/water kr data. These correlations can be utilized sufficiently to
define kro as a function of gas and water saturations. In general, most of these models
can be divided into two categories, Stone type, and Baker type models. The two most
widely used models in commercial simulators are Modified Stone 1 and SaturationWeighted Interpolation models (Eclipse Technical Manual). These models have been
used as the functional form of three-phase kro in the developed computer program.
STONE Type Models
Stone (1970) proposed a probability model using channel flow theory which is an
interpolation between the two-phase gas/oil and oil/water relative permeabilities. krog
and krow are multiplied to each other in the following form to calculate three-phase kro:

k ro 

S o*
k rog k row
(1  S g* )(1  S w* )

3-19

To calculate kro at the three-phase flow conditions, the two-phase gas/oil relative
permeability (krog) should be looked up at its three-phase gas saturation value, and the
two phase oil/water relative permeability (krow) should be looked up at three-phase water
saturation value.
A modified version of Stone’s first (ST1) three-phase kro model, summarized by Aziz
and Settari (1979) as follows. This modified version has been implemented in
commercial simulators.
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kro  krocwSo* Fw Fg

3-20

Where:

k rocw : Relative permeability to oil at irreducible/connate water (Swc),
S o* 

S o  S om
1  S wco  S om

Fw 

k row
k rocw (1  S w* )
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Fg 

k rog
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*
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S w  S wco
1  S wco  S om

When

S w  S wco
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Sg
1  S wco  S om

Som is the minimum residual oil saturation in the presence of all three phases. In the
other words, Som is the minimum of the critical oil-to-water saturation and the critical
oil-to-gas saturation.
Stone in 1973 modified his first model, incorporating water and gas relative
permeabilities in the calculation of three-phase kro. The negative signs of krw and krg in
this model may lead to negative values for three-phase kro.

k ro  k rog  k rg k row  k rw   k rg  k rw

3-26

BAKER Type Models
Baker (1988) developed an arithmetic averaging between two phase kr to calculate
three-phase kr. This kind of model estimates three-phase kr for all mobile phases as a
function of two independent saturations. Unlike the Stone models, the two-phase oil
relative permeabilities (krow and krog) in the Baker model should be assigned at threephase oil saturation. The three-phase kro is given by:
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The Saturation-Weighted Interpolation (SWI) model is a different version of Baker
model which has been implemented in the Eclipse reservoir simulator. In this model the
three-phase kro is only calculated based on Baker’s suggested model and the water and
gas relative permeabilities were assumed to be a function of their saturations. The
Saturation-Weighted interpolation model relies on an assumption of complete
segregation of the water and gas within porous media while oil phase is uniformly
distributed.
3.2.3

Optimization Algorithm (Genetic Algorithm)

J. Holland (1975) introduced Genetic Algorithm (GA) as an adaptive exploratory search
algorithm based on the idea of evolution in nature. Although GA has a random search in
its evolution, it uses historical information to control and guide the random search
through the search space. Having a robust search methodology, GA has been used to
solve search and optimization problems. Generally, the GA method was designed to
simulate the process of “survival of the fittest” introduced by Charles Darwin. In nature,
there is always a competition among individuals for resourcing over a generation and
the fittest individuals survive over the weaker ones. In genetics, every single
chromosome represents a point in a search space. During the evolution process, all
individuals compete for being selected for resourcing. The healthy individuals will be
mainly successful in each competition and produce more offspring, and their genes
propagate throughout the population. This process will increase the chance of producing
offspring which are better than their parents.
To implement the genetic algorithm, a group of individuals is created randomly. Each in
the population is evaluated, and its fitness score is calculated. The higher the fitness
score, the higher the chance of being selected in the next step of the algorithm. The
individuals with higher fitness scores are selected randomly to create one offspring. The
created offspring are mutated randomly and evaluated to obtain the fitness score. This
process continuous until the best solution has been found.
To apply GA as an optimization tool for obtaining kr from coreflood experiment, it is
required to define its components properly.
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Chromosomes (Individual): a set of oil, water and gas kr (Figure 3-4) are considered as a
chromosome.
1
1
1
krg
kro
krw
Figure 3-4: Chromosome1 which is a set of all three-phase relative permeabilities (kro, krw, and krg).

Genes: parameters in the mathematical representation of kr curves are considered as
genes. For example for krw with LET functional form the genes are shown in Figure 3-5.
0
krw

Low

Ewo

Two

Sorw

Figure 3-5: Genes in the water relative permeability.

Population is a group of randomly created chromosomes. A certain number of different
sets of oil, water and gas kr curves are considered as the population.
Figure 3-6 shows the GA for the history matching process. The procedure that was
followed in the GA used in this study can be broken down into the following steps:
1. Generate an initial random population of chromosomes (candidate solutions: 100
sets of kr in this study).
2. Run the coreflood simulation for each chromosome and find the misfit or
mismatch value between experimental and simulation results of each individual.
The lower misfit value is equivalent to higher fitness score.
3. Sort the chromosomes based on their misfit and select two chromosomes from
the population with better fitness (the lower the misfit value, the bigger the
chance of being selected). The two chromosomes are selected randomly from the
top fifty percent of the sorted chromosomes.
4. Generate one offspring using the two randomly selected chromosomes in step 3.
This step includes crossover and mutation. The crossover probability () is
randomly selected between value of 0 and 1. The offspring can be created using
Eq. 3-28. Mutation is a random change in the created offspring and prevents the
optimization process to be trapped in local minimum. It can be performed by
changing one of the parameters slightly.
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Offspring =   (Chromosome1)  (1   )  (Chromosome2)

3-28

5. Run the coreflood simulation for the offspring and find the misfit value. If this
misfit value is less than the maximum misfit in the initial population, then the
offspring would be placed in the population and the chromosome with the
highest misfit value will be removed from the population. If the offspring’s
misfit value is larger than the maximum misfit value in the population then this
offspring will be discarded, and new offspring will be generated (step 4).
6. Continue the process, step 3 to 5, until a satisfactory misfit value is achieved.
This process may continue with more than 1000 iterations in order to achieve the
minimum global misfit.

Figure 3-6: Genetic Algorithm for obtaining kr from a coreflood experiment.

3.2.4

Application for Two-Phase Coreflood Experiments

The developed algorithm and computer code can be used for calculating two-phase kr
from two-phase coreflood experiments. For different combinations of two-phase flow
e.g., gas/oil, oil/water and gas/water the misfit function is defined properly, and a
similar procedure is taken. Corey and LET are the mathematical functional forms of the
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two-phase relative permeabilities used in this project. The number of tuning parameters
in two-phase flow problems is less than three-phase flow and history matching process
will be much faster, and the optimization converges in a shorter time.
3.3
3.3.1

Experiments, Results, and Discussion
Experiments

Several WAG experiments, especially at near-miscible conditions, have been performed
in the Centre for Enhanced Oil Recovery and CO2 Solutions. These WAG experiments
have been conducted on both water-wet and mixed-wet Clashach sandstone cores with
the permeability of 65 and 1000 mD. Two WAG injection tests started with water
flooding in the 65 mD water-wet, and mixed-wet cores. The 1st gas injection slug of
these WAG injections had the widest range of saturation change in the oil phase and
was used to demonstrate the performance of the proposed method for estimating threephase kr. Therefore, the results of these gas injections, e.g., pressure drop and
production data were history matched to obtain the three-phase kr for each phase during
that period of injection.
Gas Injection in 65 mD, water-wet and mixed-wet cores at near-miscible conditions
(IFTg/o=0.04 mNm-1)

These experiments were studied the first gas injection after primary water flooding at
near-miscible conditions at 1840 psia corresponding to the gas/oil IFT of 0.04 mN.m-1.
The residual oil after water flooding was 42% and 20% for water-wet and mixed-wet
cores respectively. Gas was injected into the core at the rate of 25 cm3h-1, and then the
injection rate was increased stepwise.

Figure 3-7 compares the three-phase flow

saturation path for the two gas injections between water-wet and mixed-wet cores.
Figure 3-8 to Figure 3-11 show the cumulative oil productions and pressure drop across
the core for the water-wet and mixed cores respectively.
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Figure 3-7: Comparison of three-phase saturation paths for first gas injections in 65 mD water-wet
(green) and mixed-wet (red) cores.

Figure 3-8: Cumulative Oil Production for first gas injection in 65 mD water-wet core.
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Figure 3-9: Pressure Drop across the core for first gas injection in 65 mD water-wet core.

Figure 3-10: Cumulative Oil Production for first gas injection in 65 mD mixed-wet core.
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Figure 3-11: Pressure Drop across the core for first gas injection in 65 mD mixed-wet core

3.3.2

History Matching Results

The production of each fluid and pressure drop across the core for both the experimental
and the history matched results of the first gas injection test are compared in Figure
3-13 to Figure 3-18 for both mixed-wet and water-wet cores, respectively. In order to
insure the robustness of the history matching results, each experiment has been history
matched for several times. For each individual history matching, more than 1000 (up to
5100) iterative runs have been performed to reach the minimum value for the objective
function.
Figure 3-12 presents the progress of minimum misfit value and the average misfit value
per 100 iterations throughout the history matching process for the first gas injection in
65 mD mixed-wet core. The history matching continued for 5100 iterations to make
sure that the minimum misfit was reached. There are good agreements between the
experimental, and the history matched data i.e. productions and pressure drop. For the
history matching of gas injection in 65 mD, mixed-wet core both Baker (SWI) and
Stone (Stone1) type models were used. As it is shown in Figure 3-13 to Figure 3-16,
the former model had a better match in oil production while the latter model had a better
match for pressure drop.
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Figure 3-12: The minimum misfit and average misfit per 100 iterations for history matching of 1st gas
injection in 65 mD mixed-wet core.

Figure 3-13: Comparison between history matching and experiment Cumulative Oil Production for 1st
gas injection in 65 mD mixed-wet core. SWI three-phase kro function was used.
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Figure 3-14: Comparison between history matching and experiment Pressure Drop for 1st gas injection
in 65 mD mixed-wet core. SWI three-phase kro function was used.

Figure 3-15: Comparison between history matching and experiment Cumulative Oil Production for 1st
gas injection in 65 mD mixed-wet core. ST1 three-phase kro function was used.
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Figure 3-16: Comparison between history matching and experiment Pressure Drop for 1st gas injection
in 65 mD mixed-wet core. ST1 three-phase kro function was used.

Figure 3-17: Comparison between history matching and experiment Cumulative Oil Production for 1st
gas injection in 65 mD water-wet core. SWI three-phase kro function was used.
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Figure 3-18: Comparison between history matching and experiment Pressure Drop for 1st gas injection
in 65 mD water-wet core. SWI three-phase kro function was used.

The three-phase kr values estimated from the history matching of these displacement
experiments are representative for the three-phase saturation path which occurred in the
experiments. The estimated three-phase kro, krw, and krg versus their saturation for the
experimental saturation path in mixed-wet and water-wet cores are shown in Figure
3-19 and Figure 3-20. The saturation ranges in these figures are mainly after the
breakthrough of both gas and water phases.
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Figure 3-19: Estimated three-phase oil (top), gas (middle) and water (bottom) relative permeabilities
from unsteady-state gas injection in 65 mD mixed-wet core.
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Figure 3-20: Estimated three-phase oil (top), gas (middle) and water (bottom) relative permeabilities
from unsteady-state gas injection in 65 mD water-wet core.
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3.4

Conclusions

The following conclusions can be drawn from this chapter:
1. A method has been proposed to obtain three-phase kr curves by history matching
three-phase coreflood displacements carried out in the laboratory.
2. A computer program has been developed to obtain three-phase kr accurately
from experimentally measured production and pressure drop data using
unsteady-state coreflood displacements. This tool provides this opportunity to
get three-phase kr from different coreflood experiments performed at various
rock and fluid properties and characterize three-phase flow in porous media.
3. Flexible parametric mathematical functions have been utilized for representing
kr curves in the optimization process. These functions produce kr curves which
reconcile most of the measured data published in the literature.
4. A global optimization algorithm, GA, has been employed in the estimation
procedure of kr. Applying GA minimizes the possibility of being in the local
minimum solutions.
5. By using this approach, the limitations of analytical methods like JBN has been
overcome. Capillary pressure can be included in the process of history matching.
This approach is not limited to only immiscible conditions. For experiments
with mass transfer, compositional simulation can be used for the coreflood
simulation.
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Chapter 4 - Simultaneous Estimation of Relative Permeability and
Capillary Pressure from Coreflood Experiments

Relative Permeability (kr) and capillary pressure (Pc) curves are conventionally
measured separately. kr is usually measured using two methods of ‘steady state’ and
‘unsteady state’ experiments. Pc is measured by: mercury porosimetry, the porous plate
method or by centrifuge method. The drawback of determining kr and Pc separately is
that they may not be consistent with each other, and the measured Pc does not
correspond to the kr which is measured from a dynamic flow system. Therefore,
simultaneous determination of Pc and kr for a given system would be preferred. In
previous attempts for simultaneous estimation of kr and Pc, two independent functions
were used to generate kr and Pc in the process of the history matching. To reduce the
associated non-uniqueness problem of history matching, some in-situ measurements
such as saturation and pressure profiles may be included in the history matching data.
The objective of this part of the study is to develop a methodology to estimate kr and Pc
simultaneously when in-situ measurements are not available.
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4.1

Introduction

More often Pc has been neglected in the process of obtaining kr from coreflood
experiments. However, it is well known that Pc could, in some cases affect the flow
significantly. Therefore, methods were developed to simulate mathematically, and
history match the experiment while accounting for the Pc effects, and estimate the set of
phase relative permeabilities that are consistent with the real flow and result in the best
match between calculated and measured pressure and production data. All published
methods in which the authors have aimed to account for the effect of Pc have used
separately measured Pc curves together with kr curves for simulation purposes.
Conventionally, Pc is measured by: mercury porosimetry, the porous plate method or by
centrifuge method. Pc measurement using mercury porosimetry involves injecting
mercury into a core sample under vacuum. This method is very fast and covers a broad
range of saturation and Pc. The volume of injected mercury at each pressure step
determines the non-wetting phase saturation. The mercury injection is performed on a
dry evacuated sample assuming mercury is a non-wetting phase, and air (or mercury
vapour) is the wetting phase. Therefore, one of the disadvantages of this method is the
lack of a true wetting and non-wetting phase during the test. The conversion should be
made from the test conditions to the reservoir conditions, which requires contact angle
and interfacial tension information on reservoir fluids as well as mercury/air, or
mercury/mercury vapour. Moreover, this method was developed for a strongly waterwet system, while it is now well recognized that most of the reservoirs are not strongly
water-wet.
In the porous plate method, the flat face of a rock sample that is first saturated with one
fluid, e.g., water, is pressed against a flat porous plate (or membrane) in a chamber
filled with the second fluid, e.g., gas. The porous plate is also saturated with water
which is the displaced phase in the core. Then, the pressure in the gas phase is increased
by a small step, forcing gas to displace the water in the sample. When the displacement
stops and there is no further water production, the difference in pressure between the
gas in the chamber and the water on the lower side of the porous plate is the Pc
corresponding to the saturation of remaining water in the sample. Next, the pressure of
the gas is increased again, and the pressure difference is measured at the end of
displacement, and this process is repeated, yielding the Pc relationship for decreasing
water saturation.

The porous plate method can provide relatively more accurate

(compared to the mercury injection) Pc measurements because it could use reservoir
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'native' fluids and 'native-state' rocks (Newsham et al. (2004)). The primary
disadvantage of this method is a limitation on the highest Pc that can be measured and
this is related to the porous plate (membrane) properties. Another significant
disadvantage of the porous plate method is the long times required to reach equilibrium
at each saturation level. Furthermore, the porous plate method is difficult to operate at
high pore pressure and temperature.
The centrifuge method imposes a centrifugal force on the sample which is saturated by
one phase e.g. water and is immersed in another phase, e.g., oil in specially designed
holders. At each particular rpm (revolutions per minute) the amount of water expelled
from the core is measured, and the average Pc is calculated. The rate is then increased in
steps, and the Pc is calculated at the corresponding water saturation and, therefore, a full
drainage curve is produced. The main advantage of the centrifuge is the ability to obtain
Pc data very quickly compared to the porous plate method. Furthermore, this method
can now be operated at reservoir pressure and temperature conditions. Similar to the
porous plate method, the main disadvantage of the centrifuge method is the limited
maximum pressure which is around 1000 psi.
One of the disadvantages of determining kr and Pc separately is that they are not
consistent with each other, and the measured Pc does not correspond to the kr that is
measured from dynamic flow system. As Kalaydjian (1992) and Bentsen (1998) pointed
out the dynamic Pc may be different from the static Pc. Factors such as flow rate affect
the dynamic Pc. Therefore, simultaneous determination of Pc and kr for a given system
is preferred. Jennings et al. (1988) presented a new method of measuring Pc and kr that
involves history matching of the transient response of a porous-plate experiment.
Lenormand et al. (1993) developed a semi-dynamic method for measurement of all
cycles of Pc (drainage and imbibition for both positive and negative Pc) and any
wettability. This technique can be used at high pressure and high temperature in a
modified Hassler cell and can be automated. In Lenormand method, one fluid is injected
at a constant rate or constant pressure into the core, while the second fluid is flushed
across the core outlet. When steady-state conditions are achieved, Pc at the injection
face of the core is calculated as the difference between the upstream and downstream
pressures. The saturation at the inlet face should be measured during the test, and X-ray
CT scanning can be used for this purpose. Additional points are gained by stepwise
changing of the injection rate or injection pressure. A similar technique to the one
introduced by Lenormand was reported by Pini and Benson (2013) to measure Pc and kr
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simultaneously from core flood experiments. Virnovsky et al. (1995) presented a new
method to interpret multi-rate steady-state flow experiments for kr and Pc
simultaneously eliminating errors caused by the capillary end-effect. Other researchers
applied history matching techniques to estimate kr and Pc simultaneously from unsteady
state core flood experiments. Ucan et al. (1993) used simulated annealing (an
optimization method), Sun and Mohanty (2005) applied the genetic algorithm and
Zhang et al. (2012) implemented ensemble-based history matching techniques to
estimate kr and Pc at the same time from unsteady state experiments. In previous
research studies, two independent functions were used to generate kr and Pc in the
process of the history matching. To reduce the associated non-uniqueness problem of
history matching, some in-situ measurements such as saturation and pressure profiles
may be included in the history matching data.
In this study, the developed computer program which has been presented in Chapter 3,
is extended to automated history matching on unsteady state two-phase core flood
experiments and compute kr and Pc simultaneously.
In the new methodology, the objective is to honour a known physical relationship
between the core kr and the Pc curve. Making the kr function dependent on the Pc in the
history matching process will reduce the number of tuning parameters and is expected
to reduce the uncertainty associated with the history matching process. Although this is
not the ultimate solution to the non-uniqueness problem of history matching process, it
can improve the optimization process and the accuracy of the estimated Pc and kr. This
methodology can be useful in the absence of any in-situ measurements.
4.2
4.2.1

New Methodology
Theoretical Background

Existing calculation methods of kr curves from Pc data are based on the model originally
proposed by Purcell (1949) for calculating absolute core permeability from mercury
injection data. He was the first researcher who presented the derivation of permeability
from Pc measurement using mercury injection and postulated that porous rocks can be
approximated by a bundle of (tortuous) capillary tubes with various pore diameters. The
contribution of flow from various pore diameters is considered in Purcell formulation
by integrating the squared inverse of the Pc versus mercury saturation curve as follows:
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4-1
Where K is permeability in m2, Fp is dimensionless Purcell lithology factor, σHg−air is
mercury/air interfacial tension in N /m, θ is wetting phase contact angle in radians, 
and Sw are porosity and wetting phase saturation in fraction of pore volume, Pc is
capillary pressure in Pascal and 0.5 is units’ consistency factor.
Later Purcell equation was extended to kr calculation by Gates and Leits (1950). They
calculated the effective and absolute permeability based on the Purcell model and
suggested the following equations for the kr of the wetting and non-wetting phase kr:

4-2

4-3

Burdine (1953) introduced a tortuosity factor as a function of wetting phase saturation
to the kr correlations developed by Gates and Leits. He proposed the following kr
relations for the wetting and non-wetting phases:

4-4

4-5

where λrw and λrnw are the tortuosity factors of the wetting and non-wetting phases which
can be obtained by:

4-6
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4-7
where Swi is the minimum wetting phase saturation from the Pc curve and Se is the
residual saturation of the non-wetting phase. τw (1.0) and τw (Sw) are the tortuosities of
the pores containing the wetting phase when the wetting phase saturation is equal to 1
and Sw, respectively. τnw is the tortuosity of the pores containing the non-wetting phase.
In Burdine’s equations, the integrals ratio and the tortuosity ratio present the change in
flow volume and path length of each phase respectively.
Mualem (1976) proposed an analytical model, with the similar concept of the one
introduced by Purcell, which predicts the relative permeabilities using the Pc curve.
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where Swr and Snwr are the residual saturations of the wetting and non-wetting phases.
According to his study on the available data in the literature, he suggested the value of
0.5 for “n” exponent in the kr equations.
The Integral terms of Purcell, Burdine, and Mualem models can be solved either
analytically or numerically. The mathematical expression between Pc and Sw is
necessary for the analytical solution. Most of the models proposed for kr estimation
from Pc data differ in their mathematical expression for Pc data in the integral term.
Li and Horne ((2002), (2006)) compared the calculated kr curves from Gates and Leits
and Burdine models with the measured kr curves. They concluded that the Gates and
Leits model gives the best fit to the experimental data for wetting phase kr while
Burdine model gives the best fit for the non-wetting phase kr. Therefore, in the current
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study, the Gates and Leits model was used to calculate the wetting phase kr and the
Burdine model for the non-wetting phase kr.
4.2.2

Estimation Procedure

The methodology consists of three principal components. First, a mathematical model is
used to represent the fluid flow through porous media. The model should be adequately
comprehensive so that all the relevant physical effects within the displacement
experiments can be represented. The Eclipse simulator was chosen for this purpose and
used as the core flood simulator. The second element is functional representation for kr
and Pc curves that need to be estimated, and the third one is an optimization tool which
is utilized to minimize the misfit (objective) function.
The Pc was defined as a function of saturation (with some tuning parameters), and the kr
was linked to Pc. In the simulation, the tuning parameters were adjusted during history
matching by ensuring that the results of simulation match the results of the coreflood
experiment. For the Pc function, the model introduced by Li (2004) was used, which is
defined as:



Pc  Pmax 1  bS w*
 P
b  1   e
 Pmax







1

4-11





4-12

Where Pmax is the maximum value of Pc at residual wetting phase saturation, Pe is the
threshold (entry) pressure; λ is the pore size distribution index, and b is a constant which
is calculated from Eq 4-12. As suggested by Li and Horne (2006), the Gates and Leits
model was used to derive the wetting phase kr and the Burdine model for the nonwetting phase kr. Therefore, the wetting and non-wetting kr values were calculated using
the following equations:

k rw
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Where k rw0 and k ro0 are the endpoint relative permeabilities for water (wetting phase) and
oil (non-wetting phase), respectively. Therefore, the tuning parameters are Pmax, Pe, λ,
0
, k ro0 .
k rw

A computer program was developed for this purpose based on the Genetic Algorithm
(GA) which provides best estimates of kr and Pc simultaneously by minimizing the error
between experimental results and estimated ones. GA is one of the possible choices for
finding global optimum and avoiding getting trapped in a local optimum. The misfit
value as the objective function in history matching is given by:
Nt
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Where W is a weighting factor which was introduced in Chapter 3 and can be adjusted
for each type of measured data. In this study, the mean squared value of each data type
has been used instead of the variance and w is equal one.
Figure 4-1 shows the GA for the history matching process. The procedure that is
followed in the GA used in this study can be broken down into the following steps:
1. Generate an initial random population of chromosomes (candidate solutions). For the
conventional method: a set of Pc and kr and for new method: a set of Pc and then the kr is
calculated from Pc.
2. Run the coreflood simulation for each chromosome and find the misfit value between
experimental and simulated data of each individual.
3. Sort the chromosomes based on their misfit and select two chromosomes from the
population with better fitness (the better bigger the chance of being selected).
4. Generate the offspring using the two selected chromosomes in step 3. This step
includes crossover and mutation.
5. Run the coreflood simulation for the offspring and find the misfit value. If this misfit
value is less than the maximum misfit in the initial population, then the offspring would
be placed in the population and the chromosome with the highest misfit value will be
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removed from the population. If the offspring’s misfit value is larger than the maximum
misfit value in the population then this offspring will be discarded, and new offspring
will be generated (step 4).
6. Continue the process, using steps 3 to 5, until a satisfactory misfit value is achieved.

Figure 4-1: Genetic Algorithm for Simultaneous computation of kr and Pc from a coreflood
experiment

4.3
4.3.1

Verification of Methodology, Results, and Discussion
Experimental Data

The data published by Sun and Mohanty (2005) which were obtained from an unsteadystate primary drainage experiment have been used in this study. Water-wet Berea
sandstone was used as the core sample. The core was 24.13 cm long with the diameter
of 5 cm. The permeability and porosity of the rock were 157.8 mD and 22%,
respectively. Brine (5% NaCl) was used as the wetting phase, and a mixture of Soltrol
130 was used as the non-wetting phase fluid. The core was oriented vertically, and the
non-wetting phase (oil) was injected, at a constant rate of 22.5 cm3/h, from top to the
core which was fully saturated with the wetting phase (water). The injection was
continued until no further brine was produced. The core was X-ray scanned slice by
slice at a series of time points. The in-situ saturation profiles were obtained using ten
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equally distributed slices in the axial direction. Figure 4-2, Figure 4-3 and Figure 4-4
present the cumulative water production, pressure drop across the core and the in-situ
oil saturation profiles respectively.

Figure 4-2: Cumulative water production (cm3) for unsteady-state coreflood experiment (Sun &
Mohanty (2005)).

Figure 4-3: Pressure drop (psi) across for unsteady-state coreflood experiment (Sun & Mohanty
(2005)).
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Figure 4-4: In-situ saturation profiles at different times during the unsteady-state coreflood
experiment (Sun & Mohanty (2005)).

Sun and Mohanty (2005) used production and pressure drop data and the in-situ
saturation profiles to perform the history match and calculate kr and Pc for this rock and
fluid system. They have applied a genetic algorithm as the optimization tool. They
obtained a good match to the pressure drop, but there was some mismatch in the
saturation profiles and the water production data. Later Zhang et al. (2012) used the
results of this experiment with an optimization tool based on Ensemble Kalman Filter
methods and simultaneously calculated kr and Pc from this unsteady-state experiment.
Similar to Sun and Mohanty (2005), there was some mismatch for the saturation
profiles, but they obtained a better match for water production data. In both studies
above kr and Pc were calculated independently. Although there is no direct measurement
of their Pc curve since they used the in-situ saturation profiles in history matching,
which helped to reduce the uncertainty in their results, it can be assumed that their
computed kr and Pc are reliable and could be used as the reference. Figure 4-5 and
Figure 4-6 show the estimated two-phase oil/water kr and Pc obtained by Zhang et al.
(2012) by history matching the unsteady-stated coreflood experiment accounting for the
measured in-situ saturation profiles.
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Figure 4-5: Estimated oil/water relative permeability from the unsteady-state coreflood experiment
(Zhang et al. (2012)).

Figure 4-6: Estimated Pcow from the unsteady-state coreflood experiment (Zhang et al. (2012)).

In the new method it is assumed that as in-situ saturation profiles are not the type of
data that is usually available, production and pressure drop data are used as the only
measured data. The kr and Pc were estimated from this coreflood experiment once
considering the two flow functions are independent of each other and in another case as
interdependent.
4.3.2

Approach A- New Method: Interdependent kr & Pc Functions

As described before, in this approach the Pc curve is computed first using Eq.4-11 and
then the wetting and non-wetting phase kr values are calculated from Pc curve and
Equations 4-13 and4-14. As the core was water-wet and initially saturated with 100%
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0
water, it was assumed that the k rw
(endpoint water relative permeability) is equal to

one. The number of parameters which should be estimated in the process of history
0

matching has been reduced to four parameters; k ro , Pmax, Pe, λ. The connate (irreducible)
water saturation was assumed to be known, i.e., the value given in the Sun and
Mohanty’s paper as 0.25 (Swc=0.25). The history matching was run for a sufficient
number of iterations to find the global optimum. Figure 4-7 and Figure 4-8 show the
simulation results for water production and pressure drop compared with the
experimental data. Excellent matches have been obtained for these two observation
data. The computed kr and Pc curves are presented in Figure 4-9 and Figure 4-10.

Figure 4-7: Comparison of cumulative water production versus injection time for simulation and
experimental data, when kr and Pc are related.

Figure 4-8: Comparison of pressure drop versus injection time for simulation and experimental data,
when kr and Pc are related.
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Figure 4-9: Computed oil and water kr from coreflood experiment, when kr and Pc are related.

Figure 4-10: Computed capillary pressure (psi) from coreflood experiment when kr and Pc are related.

4.3.3

Approach B- Conventional Method without in-situ Saturation: Independent kr
& Pc Functions

In the conventional method, during the process of history matching, the kr and Pc are
generated independently in which each of them has its tuning parameters and in the
course of the history matching, those parameters are adjusted in the way that the results
of numerical simulation match with the results of the experiment. To reduce the degree
of uncertainty in this approach, more often some in-situ measurements (saturation,
pressure) are included in the process of history matching. In this part of the study, the
conventional method was applied without including in-situ saturation profiles and the
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estimated kr and Pc compared with the ones obtained from Zhang et al. (2012)
(saturation profiles were included) and a new method (approach A).
To represent the two-phase wetting and non-wetting kr a power-law (Corey type) model
was used, Eq.4-17. To represent Pc, the correlation (Eq.4-11) introduced by Li (2004)
was used.
k ri  k ri0 (Si* ) ni

i = oil, gas, water phase

4-17

0
k rw
was assumed to be one and therefore the six parameters which should be adjusted

0

are k ro , nw, no, Pmax, Pe, λ. Similar to the previous approach, the irreducible water
saturation was assumed to be known and equal to 0.25. In this work, the kr and Pc
curves are re-calculated by matching the fluid recoveries and differential pressure data.
It should be highlighted that the saturation profiles obtained from the displacement tests
have not been used as the measured data in the process of history matching.
Determination of the coefficients of the functional forms of kr and Pc is carried out by
the utilization of the GA mentioned above method. Figure 4-11 and Figure 4-12 show
the simulation results for water production and pressure drop compared with the
experimental data. The computed oil/water kr and Pc curves are presented in Figure 4-13
and Figure 4-14.

Figure 4-11: Comparison of cumulative water production versus injection time for simulation and
experimental data, when kr and Pc are two independent functions.
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Figure 4-12: Comparison of pressure drop versus injection time for simulation and experimental data,
when kr and Pc are two independent functions.

Figure 4-13: Estimated oil/water kr from coreflood experiment when kr and Pc are two independent
functions.
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Figure 4-14: Estimated capillary pressure (psi) from coreflood experiment when kr and Pc are two
independent functions.

4.3.4

Discussion

The computed relative permeabilities from the two approaches and the one obtained by
Zhang et al. (2012) were normalized and plotted against their normalized water
saturation. Figure 4-15 and Figure 4-16 compare the relative permeabilities and
capillary pressures respectively.

It is recalled that Zhang et al. used production,

pressure drop and in-situ saturation profiles for the history matching. It was assumed
that their computed kr and Pc could be utilized as a valid reference. There is a good
agreement between the reference relative permeabilities and those obtained from the
new method (Approach A) whereas the oil kr obtained from Approach B is significantly
different from the reference points. The estimated Pc obtained from the new method and
that of Approach B exhibit different trends and different maximum Pc values,
nevertheless our estimated values have a more similar trend to the reference Pc. Despite
using fewer tuning parameters in the new method compared to approach B and the
reference study, and also not including the in-situ saturation profiles in the history
matching, the results in approach A are closer to the reference results compared to
Approach B where Pc and kr had been obtained separately.
For the case that kr and Pc were estimated independently, although a perfect match was
obtained for water production and pressure drop across the core, the estimated Pc may
not be a unique curve for the joint estimated kr unless some internal data such as in-situ
saturation and pressure profiles are included in the history matching. As the number of
tuning parameters in the flow functions increases, the flexibility of the flow functions
63

Chapter 4- Simultaneous Estimation of Relative Permeability and Capillary Pressure from Coreflood
Experiments

increases and a better match to the experimental results can be obtained. However,
obtaining a good match will not necessarily guarantee that the estimated flow functions
are true functions. Evaluating the estimated kr and Pc curves shows that a portion of
pressure drop which should be the contribution of capillary pressure between the oil and
water phases has not been correctly represented in the simulation by the estimated Pc
curve. Therefore, that portion of pressure drop was covered by a reduction in kro values.
As a result, the estimated kro using method B is less than the reference kro values.
It should be mentioned that in this study, there was no direct measurement for Pc to
compare with the estimated values. To further verify the new method introduced in the
thesis, it is recommended that a set of consistent experimental data, including a
coreflood experiment, measured Pc and kr for a system of rock and fluids be obtained.
Moreover, this study was performed for a drainage process and a water-wet core, and
the validity of this method should be evaluated for imbibition process and other
wettability conditions.

Figure 4-15: Comparison of computed normalized kr by Zhang et al. (2012) (marker points) and those
using two methods of:
(A) kr and Pc being related (dashed lines and) (B) kr and Pc being independent (solid lines).
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Figure 4-16: Comparison of computed Pc (psi) by Zhanget al. (2012) (marker points) and those using
the two methods of:
(A) kr and Pc being related (dashed lines and) (B) kr and Pc being independent (solid lines).

4.4

Conclusions

In this study, kr and Pc were estimated from the results of a coreflood experiment and
assuming that kr was interrelated with Pc. A known physical relationship was honoured
between the core kr and Pc. The Pc was defined as a function of saturation with some
tuning parameters, and the kr was then calculated from this Pc. The results of this
method were compared with the approach where kr and Pc are obtained independently,
in the history matching for the unsteady-state primary drainage experiment. The
following conclusions can be drawn from this study:


The results demonstrate that simultaneous Pc and kr estimation through the
interrelated approach introduced in this work improves the accuracy of estimated
kr and Pc,



The number of tuning parameters decreased in the history matching when kr is
assumed to be related to Pc,



Although in the new method, fewer measured data (i.e., no measured saturation
points) was used, as the results show, it still is capable of producing reliable
results,



Having fewer tuning parameters in the history matching may help to reduce the
non-uniqueness problem associated with the history matching process,
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In the conventional method for simultaneous estimation of Pc and kr it is highly
recommended to include in-situ measurement (saturation and or pressure
profiles) in the history matching. Ignoring such a practice will result in
erroneous estimations.



The simultaneous estimation of kr and Pc has a high degree of uncertainty and to
reduce it the application of any observed data would be recommended.



The application of this method should be evaluated for imbibition processes and
different wettability conditions as well.
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Chapter 5– Effect of Gas/Oil IFT on Two- and Three-Phase Relative
Permeability and Residual Oil Saturation

In some of the EOR processes such as gas and WAG injections, near-miscible
conditions may be met or the interfacial tension (IFT) between a pair of existing fluids,
e.g., gas and oil, can be subjected to change due to mass transfer between the phases.
The general perception is that IFT reduction results in an increase in kr of existing
phases at each saturation value. A significant number of studies have been performed on
two-phase systems, and more insight has been gained on the effect of IFT reduction on
kr. However, for a three-phase system, there is still a long journey to take in, to
appreciably understand and model the effect of IFT change on the three-phase kr. To
model the above EOR processes, the flow functions, e.g., relative permeability (kr) are
required to represent fluid flow behaviour at different IFT conditions. The common
practice is that the two-phase kr is usually measured at high IFT values and for
simulating a process that has to change IFT value, towards miscible conditions, the
appropriate modification is applied to the high IFT kr data to calculate their value at
lower values of IFT.
The objective is firstly to investigate the effects of gas/oil IFT reduction on two- and
three-phase relative permeabilities according to the literature and the results of the
experimental studies at Heriot-Watt University on 65 and 1000 mD cores at three
different gas/oil IFT values of 0.04, 0.15 and 2.7 mN.m-1. Secondly, to evaluate the
frequently used Coats IFT scaling method against the two-phase experimental data.
Finally to investigate the effect of changing gas/oil IFT value on the reduction of
residual oil saturation in WAG injections at laboratory scale.
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5.1
5.1.1

Introduction
Effect of IFT on Two-Phase Relative Permeability

Variation of gas/oil IFT during gas injection processes from immiscible to miscible
conditions has been observed in lab and field experiences. The possible effects of
variation of IFT on kr have been investigated by several researchers. Although there is
some conflict with the findings of different researchers, in general, all agree that any
reduction in IFT causes an increase in kr. It has been observed that as IFT decreases
toward zero, the kr increases, its curvature reduces, and less hysteresis effect is
observed. Also, most of the research studies have introduced a critical IFT value above
which there are no significant effects of IFT variations on relative permeabilities while
below the critical value IFT significant changes are observed in relative permeabilities.
A summary of the literature review is presented in the following paragraphs.
Bardon and Longeron (1980) performed a series of coreflood (gas injection)
experiments on Fontainebleau sandstone core using a binary mixture of two pure
hydrocarbons (C1-nC7/C1-nC10). The IFT was controlled by varying the equilibrium
pressure of the mixture. For the range of IFT from 0.001 to 12.6 mNm-1, they
introduced a critical IFT value of 0.04 mNm-1. As shown in Figure 5-1, for the IFT
values greater than the critical IFT, they obtained a single curve for gas relative
permeability (krg) but a family of curves for oil relative permeability (kro) with kro
increasing with decreasing IFT. However, for the IFT values less than the critical IFT,
there is a great variation in the shapes of both kro and krg curves. The variation is mainly
in the kro and krg curvature towards a straight-line as IFT decreases. i.e., both kro and krg
increase, as IFT decreases.
Harbert (1983) performed coreflood experiments on outcrop and reservoir rock samples
using an alcohol, brine, and oil fluid system to investigate the effect of low IFT on oil
and water relative permeabilities. They found that IFT reduction had more pronounced
effect on the non-wetting phase kr than on the wetting phase kr.
Fulcher (1985) conducted a series of steady-state oil/water kr measurements on fired
Beria sandstone, to determine whether the capillary number or its constituents cause any
changes in the two-phase relative permeabilities. They introduced a critical oil/water
IFT value of 2 mNm-1, below which value both oil and water relative permeabilities
increased with decreasing IFT, and the curves straightened out at very low IFT values.
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Moreover, the increase in oil (non-wetting) kr was observed to be more significant than
the increase in water (wetting) kr as IFT reduced.

Figure 5-1: Oil and gas relative permeabilities for IFT values greater than 0.04 mNm -1(after Bardon
and Longeron (1980)).

Asar and Handy (1988) carried out a study similar to Bardon and Longeron (1980) but
for a narrower IFT range of 0.03 to 0.82 mNm-1. They used a methane/propane mixture
to represent a gas-condensate system and performed steady-state core flood experiment
to measure oil and gas kr curves. They also concluded that the oil and gas kr curves tend
to straighten and residual oil saturation decreases to zero as IFT approaches zero. In
their experiments, the shape of kro and krg curves deviated from high IFT curvature only
at conditions close to the fluid critical point. Moreover, kro increases more rapidly than
krg as IFT decreases.
McDougall et al. (1997) developed an unsteady-sate pore-scale simulator to investigate
the effect of gas/oil IFT on kr and interpret the results of a series of core flood
experiments which had been previously performed for a gas/oil IFT range of 0.019 to
9.76 mNm-1. The pore-scale model was suitably anchored to the experimental rock
samples. The relative permeabilities calculated from the results of simulations were
found to exhibit the same IFT sensitivity as the relative permeabilities calculated from
experimental results. They concluded that as IFT decreased, the oil (wetting phase) kr
curve remained unaffected while the gas (non-wetting phase) kr increased significantly.
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Henderson et al. (1997) (1998) investigated the effect of flow rate and IFT on kr in a gas
condensate system using long sandstone cores at high pressure. The IFT range in their
study was from 0.05 to 0.4 mNm-1. They observed that gas (non-wetting) kr was more
sensitive to IFT changes than the condensate (wetting) kr.
Chen et al. (1999) investigated the effects of IFT and flow rate on gas/oil kr. They
performed coreflood experiments under reservoir conditions using rock and fluid
samples from two North Sea gas condensate reservoirs. They observed a greater change
in kro than in krg when IFT decreased.
Blom et al. (2000) measured two-phase kr curves for a binary fluid system of
methanol/n-hexane at near-critical conditions. The fluid system exhibited a critical point
at ambient conditions and could be representative of a near-critical gas/condensate or
gas/volatile oil system. The measurements were done at IFT range from 0.10 to 0.51
mNm-1 and for different superficial velocities. They concluded that there was a strong
dependency of kr on IFT and superficial velocity. Their results showed that the nonwetting phase kr was more affected by IFT reduction and the kr to the wetting phase
remained unaffected until IFT was reduced to below 0.06 mNm-1.
Shen et al. (2006) performed a series of steady-state two-phase flow experiments to
measure oil/water kr at IFT range from 0.01 to 34 mNm-1. They showed that there was a
critical oil/water IFT value (of 3 mNm-1) above which, IFT had little effect on kr while
below this critical value, kr to both oil and water increased with a decrease in IFT. The
results of their experiments showed that IFT variations have considerable impact on the
water (wetting phase) kr in comparison with the oil (non-wetting) kr (Figure 5-2).
Calisgan et al. (2006) conducted unsteady state displacement experiments on a
carbonate core using a binary gas condensate fluid sample at near-critical conditions.
The experimental results showed a strong dependence of krg on IFT and superficial
velocity. This dependency was more pronounced in the presence of immobile water.
Al-Wahaibi et al. (2006) investigated the behaviour of two-phase kr at near-miscible
conditions. They performed unsteady-state displacement in a linear two dimensional
bead-pack. The results of experiments showed that kr increased as IFT decreased from
24.2 to 0.03 mNm-1. Furthermore, non-wetting phase kr showed more rapid increase
than the wetting phase kr and had less hysteresis effect as IFT reduced.
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Figure 5-2: Oil and water relative permeabilities for different IFT values (after Shen et al. (2006)).

In contrast to the above literature, there are some research studies such as Delclaud et al.
(1987) that did not report any significant change in two-phase kr with IFT changes.
From the aformentioned literature (except the Delclaud’s), it can be concluded that the
IFT reduction increases the kr of both phases but not necessarily equally. It has been
observed that as the system moves from immiscible toward miscible conditions, the kr
increases, its curvature reduces, and less hysteresis effect is observed.
5.1.2

Effect of IFT on Three-Phase Relative Permeability

Although the effect of IFT on two-phase kr has been extensively investigated, as
expected, there are only very few research studies on the effect of IFT on three-phase
relative permeabilities. According to the small amount of literature for three-phase
systems, generally as IFT between one pair of phases, e.g. oil and gas changes, the
relative permeabilities of all the three phases (gas, oil, and water) will be affected. It
was observed (Cinar and Orr (2005)) that by reduction of gas/oil IFT, kro and krg
increased but krw may remain unaffected. The degree of change in kr of each phase and
its dependency on its saturation and other fluid saturations should be further
investigated at low IFT conditions. The following paragraph summarizes the results of
available research in this area.
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Delshad et al. (1987) measured steady-state two- and three-phase kr for low IFT mixture
of brine/oil/surfactant/alcohol in Berea sandstone cores at a constant capillary number
of 10-2. They concluded that in three-phase flow at low IFT conditions, the kr of each
phase was a function of its saturation.
Dria et al. (1993) reported steady-state three phase CO2/oil/brine relative permeabilities
in a water-wet dolomite core. They injected fluids at 71 oC and 1400 psia, to be
representative of reservoir conditions. Their results also show that the kr of each phase
depends only on the saturation of that phase. However, the previous three-phase kr
measurements that had been performed with low-pressure N2 gas or air showed that the
kr of each phase depended on two saturations. Therefore, they concluded that threephase kr behaves differently at low IFT (CO2/oil) and high IFT (N2/oil) conditions.
Cinar and Orr (2005) investigated the effect of IFT reduction on three-phase relative
permeabilities for water-wet wettability condition using three-phase analogous liquid
systems. The IFT between a pair of the phases could be varied in the analogous liquid
systems while the IFT values between the other pairs of phases can be held roughly
constant. They concluded that the water (wetting phase) kr was not affected by IFT
reduction but the kr to oil (intermediate phase) and gas (non-wetting phase) were
affected considerably.
Cinar et al. (2007) reported three-phase kr measurements that included the combined
effects of IFT variation and wettability. Similar to their previous study, they used an
analogous liquid system for investigation of the effect of IFT variations at atmospheric
pressure. Their results showed that, in the water-wet system, as gas/oil IFT decreased,
relative permeabilities of these two phases increased but krw remained almost unaffected
by IFT at any water saturation. However, in the oil-wet system, krw decreased with the
reduction of gas/oil IFT only at low values of water saturation.
5.1.3
5.1.3.1

IFT Scaling Methods
Coats Method

Coats (1980) proposed an empirical treatment on kr for IFT change which was not based
on any theory or experimental results directly. However, it was based on the general
idea that reduction in IFT must increase kro and krg towards straight lines that at the time
was assumed to be the case for completely miscible fluids, such as alcohol and water in
a pipe (rather than in a porous medium). This treatment was devised to show the
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expected behaviour of kr curves when IFT decreased. i.e., moving from immiscible
conditions toward miscible conditions (reduction in IFT), the curvature of kr decreases
and residual oil saturation approaches zero. The Coats method was, in fact, an
interpolation between immiscible and miscible relative permeabilities, using a
weighting function with only one parameter (Equations 5-1 and 5-2). Other research
work on the behaviour of kr at near-miscible conditions for gas injection processes, and
at near-critical conditions, for gas condensate reservoirs, showed that this flow function
must depend on the ratio of viscous to capillary forces on a pore scale, known as
capillary number (Nc). Therefore, several authors tried to modify the Coats equations by
including the capillary number in the weighting function equation, residual saturation,
and kr at miscible conditions. As a consequence, the number of required parameters
increased.
Fulcher et al. (1985) performed kr measurements to determine the dependency of twophase kr on the capillary number and its constituents. They developed a kr model based
on the results of core experiments. The model is basically a Corey model with capillary
number dependent coefficients. It requires seven parameters to predict residual
saturation and Corey coefficient. Other authors tried to include the capillary number in
the prediction of Corey coefficients differently with fewer parameters.
Blom and Hagoort (1998) reviewed and analysed fifteen different methods proposed for
including the capillary number in the gas condensate kr functions and categorized them
into two groups: Corey functions with Nc-dependent coefficients and Interpolation
functions between immiscible and miscible kr with a Nc-dependent weighting factor.
They mentioned that Corey functions were highly non-linear and could not accurately
represent the convex-concave kr shapes, and these are the main disadvantages of this
category in comparison with Coats type of interpolation functions. They concluded that
weighting factors introduced by Coats (1980) were one of the most appropriate factors.
The Coats (1980) method has been implemented in some commercial reservoir
simulators, e.g. Eclipse and CMG for the purpose of IFT scaling for compositional
simulations. It seems that since this method requires fewer parameters, in comparison
with other methods, it has been selected for use in such more operational simulators.
The suggested Coats’ formula, for gas and oil relative permeabilities, is as follow:

k ri  f  k riimmiscible  1  f  k rimiscible

, i=oil, gas
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where
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kriimmiscible is the base kr curve (measured values) for phase i,  o is the initial value of the
interfacial tension for which kro and krg curves are available,  is the interfacial tension
miscible
at new conditions, nl is a tuning parameter between 4 and 10. k ri
is the kr curve for

phase i at miscible conditions and Si is the phase ‘i’ saturation. As interfacial tension
decreases the residual oil and gas saturation values (Sorg, Sgr) approach zero, therefore
the values of Sorg and Sgr could be corrected at the current value of IFT as shown
below:

Sir*  f  Sir

, i=oil, gas
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*
where, Sir is residual (gas or oil saturation) at the new IFT value, σ. Sir is the residual

saturation at  o , the reference IFT, with f   defined by Eq. 5-2.
5.2
5.2.1

Experiments and History Matching
Two-Phase Flow Experiments

A series of two-phase gas/oil unsteady-state coreflood experiments were initially
performed in the 1000 mD Clashach core on both water-wet and mixed-wet systems at
two gas/oil IFT values of 2.7 (base IFT) and 0.04 mNm-1. To explore the impact of
interfacial tension (IFT) variation, another series of two-phase gas/oil coreflood
displacement was performed on 65 mD mixed-wet Clashach core at IFT values of 2.7,
0.15 and 0.04 mNm-1 (Table 5-1). These experiments were unsteady-state gas injection
into oil saturated core at irreducible water saturation. Pressure drop and production data
for these experiments (performed at different gas/oil IFT values) were history matched
using the developed computer program.

As a result representative relative

permeabilities for each phase, during its period of injection, could be obtained. The
effect of IFT change on kr was highlighted. The scaled capillary pressure curves (Figure
2-6 and Figure 2-7) were used for history matching of the experimental data.
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Table 5-1: The two-phase (gas/oil) unsteady-state gas injection (i.e., drainage) experiments carried out
on 1000 and 65 mD core samples in all of which Sg increased and So decreased.
Experiment

Core Permeability/ mD

Wettability

IFTg/o /mNm-1

1

1000

Water-Wet

2.7

2

1000

Water-Wet

0.04

3

1000

Mixed-Wet

2.7

4

1000

Mixed-Wet

0.04

5

65

Mixed-Wet

2.7

6

65

Mixed-Wet

0.15

7

65

Mixed-Wet

0.04

The results of history matching for the two gas injection tests performed at higher
values of gas/oil IFT (0.15 and 2.70 mN.m-1) are presented in Figure 5-3 and Figure 5-4.
These figures depict the experimental data (production data and pressure drop across the
core, shown by dots) and history matching results (shown by lines).

Figure 5-3: Experimental and history matched production data and pressure drop for the gas injection
performed in 65 mD mixed-wet core at gas/oil IFT = 0.15 mN.m -1.

Figure 5-4: Experimental and history matched production data and pressure drop for the gas injection
performed in 65 mD mixed-wet core at gas/oil IFT = 2.70 mN.m -1.
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5.2.2

Three-Phase Flow Experiments

Three WAG injection tests started with waterflooding (WAG-ID) were carried out at
three different gas/oil IFT values of 0.04, 0.15 and 2.7. The 1st gas injection following
the waterflooding was, in fact, a three-phase (gas/oil/water) flow experiment. The
results of these experiments, e.g., pressure drop and production data were history
matched to obtain the kr for each phase during the period of injection. Although the
gas/oil IFT for the case of the test performed at 1790 psia is as low as 0.15 mN.m -1, the
first gas injection does not significantly enhance the oil production, compared to the
near-miscible gas injection (gas/oil IFT = 0.04 mN.m-1). In fact, the performance during
gas injection period at gas/oil IFT of 0.15 mN.m-1 is much closer to the case at
immiscible condition (gas/oil IFT = 2.70 mN.m-1), than it is to the recoveries of the
near-miscible (0.04 mN.m-1) case. Figure 5-5 and Figure 5-6 present the experimental
data, cumulative oil production (left) and pressure drop across the core (right), and
history matched results at the intermediate gas/oil IFT value of 0.15 mN.m-1 and at
immiscible conditions (gas/oil IFT = 2.7 mN.m-1). The history matching results for
gas/oil IFT value of 0.04 mN.m-1 were presented in Chapter 3.

Figure 5-5: Experimental and history matched oil production and pressure drop data for the 1st gas
injection period of the WAG performed in 65 mD mixed-wet core at IFTg/o = 0.15 mN.m-1.

Figure 5-6: Experimental and history matched oil production and pressure drop data for the 1st gas
injection period of the WAG injection performed in 65 mD mixed-wet core at IFTg/o = 2.70 mN.m-1.
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5.3
5.3.1

Results and Discussion
Two-Phase Relative Permeability

Figure 5-7 and Figure 5-8 compare the estimated relative permeabilities of gas and oil
during the unsteady-state gas injections at two different IFT values of 0.04 and 2.7
mNm-1 in the 1000 mD, water-wet and mixed-wet cores respectively. No tests in the
1000 mD core at the intermediate IFT value of 0.15 mNm-1 were carried out. Figure 5-9
compares estimated relative permeabilities of gas and oil phases at three different IFT
conditions (0.04, 0.15 and 2.7 mNm-1) in the 65 mD mixed-wet core. All sets of relative
permeabilities (1000 mD mixed-wet, 1000 mD water-wet, and 65 mD mixed-wet) are
shown in the range of saturation change after the gas breakthrough. Results show that
relative permeabilities for both gas and oil phases increase as the IFT value is
decreased. The residual oil saturation (Sorg) decreases (i.e., oil recovery increases) as the
gas/oil IFT is reduced.
Although the intermediate IFT value of 0.15 mNm-1 appears to be very low compared to
IFT of 2.7 mNm-1, the improvements in gas and oil relative permeabilities are not
substantial.
The kr of gas, which is the non-wetting phase, was affected more by gas/oil IFT
reduction in comparison with kr of oil, which is the wetting phase, in the presence of
gas. In another words, the kr of gas increased in the entire range of its saturation, while
oil kr increased only within the range of its low saturation values. The following
interpretation may be considered. As the non-wetting phase (gas) occupies the larger
pores, it is affected by viscous forces more easily than the wetting phase (oil). As the
gas/oil IFT decreases the capillary forces decrease, and gas can approach the small
pores which were previously occupied by oil. Therefore, for ultra-low IFT conditions,
oil can flow even at its low values of saturations (i.e., high gas saturations).
Comparison of the curvatures of the gas and oil kr curves shows that they both decrease
by reduction of gas/oil IFT, but they are still far from being straight lines, even at very
low IFT value of 0.04 mNm-1.
Comparing Figure 5-9 (65 mD core) with its corresponding results in the 1000 mD core
Figure 5-8 shows that although qualitatively the effect of IFT variation is similar for the
two cores, quantitatively the IFT effect is more pronounced for kro of the higher
permeability rock. This observation is in line with the oil recovery curves of these two
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cores, in which the effect of IFT variations is larger in the 1000 mD core. Comparison
of the estimated gas and oil relative permeabilities at different IFT values shows that:
 The increase in either oil or gas kr is not directly proportional to the value of
IFT.
 The changes in oil and gas relative permeabilities are not identical.
 As the oil saturation decreases, the relative effect of IFT reduction becomes
more significant.

Figure 5-7: Gas and Oil relative permeabilities for the gas injections performed in 1000 mD water-wet
core at different gas/oil IFT (IFT = 2.70 and 0.04 mN.m -1).

Figure 5-8: Gas and Oil relative permeabilities for the gas injections performed in 1000 mD mixed-wet
core at different gas/oil IFT (IFT = 2.70 and 0.04 mN.m -1).

Figure 5-9: Gas and Oil relative permeabilities for the gas injections performed in 65 mD mixed-wet
core at different gas/oil IFT (IFT = 2.70, 0.15 and 0.04 mN.m -1).
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5.3.2

Three-Phase Relative Permeability

To compare the estimated three-phase kr curves at various IFT values, they have been
plotted against their respective phase saturations, at various IFT values, in Figure 5-10
to Figure 5-12. These relative permeabilities, estimated from the 1st gas injection period
of WAG injection, performed in 65 mD mixed-wet core, have been plotted for three
different IFT values of 0.04, 0.15 and 2.7 mNm-1. As the oil and water saturation values
at the start of the gas injection period, and the residual saturations at the end of this
period were different for the three IFT values, the estimated kro values at different
saturation ranges do not necessarily agree with each other. A similar situation is valid
for the estimated krw curves.
Although the saturation ranges for estimated oil relative permeabilities, at different IFT
values, do not overlap, it can be observed that the three-phase kro increases with the
reduction of gas/oil IFT. In other words, the residual oil saturation decreases with the
reduction of gas/oil IFT. The increase in kr and decrease in residual oil saturation are
substantial when gas/oil IFT decreases to a very low value of 0.04mNm-1. As the gas/oil
IFT decreases, gas tends to displace oil rather than water, and even oil that resides in
tiny pores.
As Figure 5-11 shows, the gas/oil IFT reduction from 2.7 to 0.15 mNm-1 does not affect
the krg, but the reduction of the IFT to the ultra-low value of 0.04 mNm-1 increases the
krg significantly.
As shown in Figure 5-12, the three-phase krw at high and intermediate gas/oil IFT values
are similar in shape and value. The krw at high values of water saturation is almost in the
same range for all the three IFT values. As gas starts entering the core, it displaces both
oil and water from large and intermediate pores. This is common among all three IFT
values and as a result, the krw values are similar. However, as gas saturation increases
and water saturation decreases, at IFT of 0.04 mNm-1, gas mainly invades those pores
which are occupied by oil and bypasses some water filled pores and therefore the krw
values are less compared with the ones at high and intermediate IFT values.
Although the intermediate IFT value of 0.15 mNm-1 is rather low compared with 2.7
mNm-1 but their corresponding kr curves are almost superposed for both gas and oil kr
curves. However, at ultra-low IFT value, of 0.04 mNm-1, the kr of all the three phases
were affected by IFT reduction. At at ultra-low IFT value, gas and oil can flow together
in the porous media which is the main reason behind the sharp increase in the oil and
gas kr at this conditions compared to the intermediate and high IFT conditions.
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Figure 5-10: Oil relative permeabilities for the gas injections performed in 65 mD mixed-wet core at
different gas/oil IFT (IFT = 2.70, 0.15 and 0.04 mN.m -1).

Figure 5-11: Gas relative permeabilities for the gas injections performed in 65 mD mixed-wet core at
different gas/oil IFT (IFT = 2.70, 0.15 and 0.04 mN.m -1).

Figure 5-12: Water relative permeabilities for the gas injections performed in 65 mD mixed-wet core at
different gas/oil IFT (IFT = 2.70, 0.15 and 0.04 mN.m-1).

5.3.3

Two-Phase IFT Scaling Methods

The objective is to evaluate the application of Coats method (1980) which is currently
used in reservoir simulators and to propose a possible modification when it is required
to estimate the gas and oil relative permeabilities at low IFT conditions using the
relative permeabilities at high IFT conditions.
The gas/oil relative permeabilities at a high value of IFT (e.g., 2.7 mNm-1) have been
calculated by history matching of the experimental results of a gas injection test, carried
out in the lab. The experiment was conducted on the 1000 mD water-wet core at
immiscible conditions (gas-oil IFT of 2.7 mNm-1) at 1200 psia. The core initially
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contain 92% oil and 8% irreducible water. The gas injection was performed at the rate
of 200 cm3h-1. Figure 5-13 shows the calculated two-phase oil/gas kr at high IFT of 2.7
mNm-1. The blue arrow shows the saturation range of the experiment.

Figure 5-13: Measured gas and oil relative permeabilities 1000 mD mixed-wet core at IFT of 2.7 mNm1
.

This set of kr along with a numerical reservoir simulator (Eclipse) was used to perform a
history match on a similar experiment (Experiment 4) but at low IFT conditions (0.04
mNm-1). Initially, the measured kr at a high IFT value was used directly in the numerical
simulator - without any corrections - to simulate gas injection test at low IFT conditions,
naturally expecting poor results. Then the correlations introduced by Coats were used to
calculate modified kro and krg at a low IFT value explicitly. To do so the “nl” parameter
in Eq.5-2 was used as the tuning parameter to find the best match between simulation
and experimental results.

5.3.3.1

Using uncorrected kr

To demonstrate the importance of accounting for the IFT effect in simulation, the
results of an experiment, carried out at low IFT of 0.04 mNm-1 were compared with a
simulation run of an experiment, using relative permeabilities of the same core obtained
at high IFT of 2.7 mNm-1, but ignoring the effect of IFT scaling. Obviously, the high
IFT simulation results would not agree with the low IFT experimental results.
Figure 5-14 compares the oil recovery of an actual gas injection test at low IFT value of
0.04 mNm-1 (blue dotted curve) with the result of simulation in which no IFT scaling of
kr is used. As expected, there is a significant difference (25%) in the value of ultimate
recovery between the experiment and simulation.
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Figure 5-14: Comparison of oil recovery (%IOIP) between simulation while ignoring the effect of IFT
and similar experiment performed at low gas/oil IFT of 0.04 mNm-1.

Figure 5-15 shows that also the simulated pressure drop was significantly different from
the experimental data. The results indicate that the effect of IFT on kr must not be
ignored.

Figure 5-15: Comparison of pressure drop (psi) between simulation, while ignoring the effect of IFT
and similar experiment performed at low gas/oil IFT of 0.04 mNm -1.

5.3.3.2

Coats method of IFT scaling in Simulation

If the Coats method is used to scale the kr curves of the low IFT case, from the high IFT
kr curves, the recovery and pressure drop curves are much closer to the experimental
results, compared with the case mentioned above where no scaling corrections were
used. To do so, the “nl” parameter in Eq. 5-2 was used as the tuning parameter to find
the best match between simulation and experimental results, and the best match was
obtained for nl=10 when f   = 0.66. Figure 5-16 and Figure 5-17 compare the
experimental data of gas injection test at low IFT values with the result of simulation
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applying Coats method to the kr at a high value of IFT. There is 11% difference in
ultimate recovery between experiment and simulation. The recovery curve shows that
although application of Coats method reduces the error in recovery and pressure drop
the residual oil saturation and kr curvature was not quite satisfactory by this method.

Figure 5-16: Comparison of oil recovery (%IOIP) between results of a simulation using Coats method
and experiment at low gas/oil IFT of 0.04 mNm -1.

Figure 5-17: Comparison of pressure drop (psi) between results of a simulation using Coats method
and experiment at low gas/oil IFT of 0.04 mNm -1.

5.3.3.3

Proposed Modified Coats Method

As demonstrated in the above section, the Coats method could not satisfactorily predict
the changes in the curvature of kro curve that occur due to the reduction in IFT. In Coats
method the same value of f   is used for both oil and gas phases. According to the
literature (Bardon and Longeron (1980), Harbert (1983)), the IFT reduction affects kr of
both phases, but not necessarily equally. As a general observation, as the system
approaches the miscibility (i.e., IFT goes to zero), relative permeabilities increase and
their curvature reduces. Some researchers (Bardon and Longeron (1980)) concluded that
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the non-wetting phase kr increases slightly as the IFT is reduced while others (Harbert
(1983)) found that the wetting phase kr remains completely unaffected by IFT reduction.
To improve the performance, it was proposed to use the Coats formulation but with
different values of nl for gas and oil in the weighting factors,
1

1

   nlg
   nlo
f o      and f g     
o 
o 
For calculation of oil and gas kr, respectively. “nlo” and “nlg” were introduced as
separate tuning parameters for oil and gas phases and therefore the changes in curvature
would be different for kro and krg curves. The best match was obtained for f g   and

f o   of 0.62 and 0.84 respectively (compared with those mentioned above

f    0.66 that was used for both kro and krg in the unmodified Coats method).
The error value between simulation and experimental results is obtained by applying
standard error of estimate as below:
 d Exp  d Sim 



 d

i 1 
Exp

SSE 
n 1
n

2

5-5

Where SEE is the percentage of standard error of estimate, n is number of data points
and dExp and dSim are experimental and simulation results respectively. The calculated
SSE for modified and unmodified Coats method are 54% and 56% respectively.
Although the ultimate recovery calculated by simulation is still 15% less than the
experimental result, the trends of oil recovery and pressure drop are relatively improved
and are much more reasonable than in the unmodified Coats case (Figure 5-18 and
Figure 5-19). The breakthrough time is critical for reservoir studies and an accurate
estimate for this information is of great interest. The modified Coats method gives
better results for the early times and also predicts the breakthrough time more accurately
than the unmodified Coats method. In other words, using two separate weighting factors
improved the curvature of the kr curves adequately, but the predicted residual oil
saturation still is not reasonable. Therefore, the modifications on the curvature of the kr
curves cannot capture the effect of IFT change on residual oil saturation. The physics
behind the effect of IFT change on residual saturations should be investigated to
propose a reliable model for predicting these parameters.
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Figure 5-18: Comparison of oil recovery (%IOIP) between results of simulation using modified Coats
method and experiment at low gas/oil IFT conditions

Figure 5-19: Comparison of pressure drop (psi) between results of simulation using modified Coats
method and experiment at low gas/oil IFT conditions

5.4

Effect of Gas/Oil IFT on the Residual Oil Saturation in Water-AlternatingGas (WAG) Injections at Laboratory Scale

The WAG injection was introduced and practiced in the oil industry to improve the
sweep efficiency of the gas injection process. The WAG injection is intended to
improve recovery by combining the microscopic displacement efficiency of gas
flooding with macroscopic sweep efficiency of waterflooding. In the course of WAG
injection it is possible not only to improve the displacement efficiency within the matrix
of the rock (i.e., the microscopic displacement, similar to the process in laboratory core
flooding), where both gas and water move, alternately, but also for these fluids to
contact the unswept zones in the reservoir (i.e., macroscopic displacement) and improve
the overall recovery. Review of WAG performance in 59 field applications shows an
increased oil recovery of 5 – 10% of IOIP. Additional oil recovery by immiscible WAG
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injection is usually less than the miscible WAG (Christensen et al. (1998)). Most of the
field applications of WAG injection were reported as miscible WAG, and there are only
a few field applications reported to be fully immiscible. The gas/oil IFT values can be
representative of the types of WAG injection, which are miscible, near-miscible and
immiscible. It was demonstrated that gas/oil IFT reduction improves both gas and oil
relative permeabilities and results in lower residual oil saturation. The objective of this
comparative study is to investigate the effect of gas/oil IFT on the reduction of residual
oil saturation during the cyclic injections of gas and water (WAG). Several WAG
experiments at different gas/oil IFT values (near-miscible to immiscible) have been
performed in the Centre for EOR and CO2 Solutions at Heriot-Watt University. There is
limited detailed published research study in this area. Results of some of them have
been collected and compared with the results obtained at Heriot-Watt University.
5.4.1

Summary of the results at HWU

Several WAG experiments at three gas/oil IFT values of 0.04 (near-miscible), 0.15 and
2.7 mNm-1 (immiscible) have been performed in the Centre for EOR and CO2 Solutions
at Heriot-Watt University. Table 5-2 summarizes different WAG experiments started
with water (WAG-ID; I: imbibition & D:drainage) with the residual oil saturation after
cyclic injection of water and gas for different gas/oil IFT values in 65 and 1000 mD
water-wet and mixed-wet Clashach sandstone cores. Table 5-3 presents the WAG
experiments started with gas (WAG-DI) and the residual oil saturation after cyclic
injections for different gas/oil IFT values in 65 mD mixed-wet core. More details on
these experiments can be found in Sohrabi et al. (2007), Fatemi et al. (2012), Fatemi
and Sohrabi (2015).
The displacement process was denoted by G for gas injection and W for water flooding.
The number behind the letter refers to the cycle number, i.e., G2 refers to gas injection
in the second cycle. Figure 5-20 shows that the oil saturation in the 65 mD mixed-wet
core, at IFTg/o of 0.15 and 2.7 mNm-1 conditions, decreased insignificantly after the
secondary water flooding. This means during any of the subsequent cycles of WAG
injection (i.e., end of G1, W2, G2, W3, and G3; the red curve) the residual oil saturation
decreased due to the three-phase flow mechanism and the hysteresis effect but the
reduction is limited while in the near-miscible conditions (IFTg/o= 0.04mNm-1) it
decreased continuously even during the later stages of WAG injection. The similar
continuous trend of reduction in residual oil saturation during the near-miscible WAG
injection can be seen in the experimental results of the 1000 mD core. Figure 5-21
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compares the reduction of oil saturation during WAG-DI injections at three different
gas/oil IFT values. Unlike the WAG-ID results, WAG-DI at high gas/oil IFT value
shows better performance than the intermediate IFT value. Similarly, the WAG-DI at
near-miscible conditions had lower performance than WAG-DI at high IFT value, but
the continuous reduction of residual oil during the cyclic injections at near-miscible
conditions caused even better performance at the end of the fourth cycle. As a result, it
can be concluded that in WAG-ID and DI injections at near-miscible conditions, the
residual oil continuously decreased during the injections and the recovery was higher
compared with the injections at intermediate and high gas/oil IFT values.
Comparing the results of WAG-ID and WAG-DI injections in the 65 mD mixed-wet
core at immiscible conditions (0.15 and 2.7 mNm-1) the performance of WAG injection
was better when started with gas than when started with water. However, the nearmiscible WAG-ID injection, especially in the first cycle, outperformed WAG-DI
injection. Moreover, the performance of WAG in the mixed-wet system was much
better than the water-wet system for the 65 mD core and still much better in the 1000
mD mixed-wet core (as expected).
Table 5-2: Residual oil saturations during WAG-ID injection in 65 and 1000 mD Clashach cores.
Rock

Wettability

IFTg/o

Soi

Sor W1

Sor G1

SorW2

Sor G2

SorW3

Sor G3

1000 mD

MW

0.04

0.92

0.23

0.115

0.06

0.009

-

-

65 mD

WW

0.04

0.82

0.415

0.30

0.26

0.2

0.167

0.095

65 mD

MW

0.4

0.82

0.18

0.144

0.127

0.105

0.096

0.027

65 mD

MW

0.15

0.82

0.271

0.265

0.247

0.234

0.224

0.214

65 mD

MW

2.7

0.82

0.18

0.305

0.29

0.29

0.28

0.28

Table 5-3: Residual oil saturations during WAG-DI injection in 65 mD Clashach cores.
Rock

Wettability

IFTg/o

Soi

Sor G1

Sor
W1

Sor G2

SorW2

Sor G3

SorW3

Sor
G4

SorW4

65 mD

MW

0.04

0.82

0.29

0.19

0.16

0.14

0.11

0.095

0.07

0.05

65 mD

MW

0.15

0.82

0.305

0.168

0.153

0.141

0.133

0.124

0.113

0.105

65 mD

MW

2.7

0.82

0.35

0.089

0.082

0.068

0.064

0.06

0.06

0.057
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Figure 5-20: Residual oil saturation at the end of each flooding phase during WAG-ID injections in 65
and 1000 mD mixed-wet cores.

Figure 5-21: Residual oil saturation at the end of each flooding phase during WAG-DI injections in 65
mD mixed-wet core.

5.4.2

Published Literature

Skauge and Larsen (1994) conducted several immiscible WAG coreflood experiments
on sandstone cores of outcrop Berea and the North Sea reservoir rocks (four different
reservoirs) under different wettability conditions of water-wet, oil-wet and intermediatewet. The wettability index measurements were performed at ambient conditions and it
was noted that, for outcrop Berea sandstone, some changes in wettability occurred after
a series of displacement tests at ambient or reservoir conditions. Modifying wettability
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by silanization is a very questionable process, and does not result in a stable oil-wet or
even mixed-wet rock, i.e., the wettability changes even during the short duration of the
WAG test. In their tests, gas injection was performed on horizontal cores for Berea,
silanized Berea and North Sea reservoir core 1 (R1) at constant differential pressure, but
for the North Sea reservoir cores 2, 3 and 4 (R2, R3, and R4) the gas injection was in a
gravity stable vertical displacement. For the reservoir cores, experiments were
performed at approximately 100 °C and 300 bars, and the fluids were recombined
reservoir oil and gas. For outcrop cores, synthetic fluids (mixtures of methane and
decane) were used, and experiments were performed at a selected value of pressure but
ambient temperature. For all cores, the initial water saturations were their irreducible
values. They carried out tests on several cores from each of the North Sea reservoirs
with different values of permeability. The permeabilities of the tested cores were as
follows: R1:100-200 mD, R2: 30-300 mD, R3: 800-2000 mD and R4: 300-800 mD. No
permeability information was reported for the Berea sandstone cores (but probably a
range of 100-200 mD might be assumed, based on other Berea tests declared in the
literature). Their results showed that the residual oil saturation could be significantly
reduced by three-phase flow (immiscible) compared to two-phase waterflood or only
gas injection, from initial conditions. Table 5-4 and Table 5-5 present the residual oil
saturations and oil recovery, respectively, for different experiments including WAG-DI
(started with gas injection) and WAG-ID (starting with water injection) injection
scenarios. Figure 5-22 compares the changes in residual oil saturation for Berea and R1
cores during immiscible WAG-ID and DI injections. The residual oil saturations for two
complete cycles of alternative gas and water injection were available only for these two
cores. It is observed that for both set of cores, Berea, and the North Sea when the WAG
processes started with gas injection it had higher oil recovery than those tests which
began with water flooding.
Also, comparing the results obtained from the North Sea reservoir cores, Skauge and
Larsen concluded that the performance of WAG in the mixed-wet system was much
better than water-wet system whether it started with gas injection or water flooding.
Similarly, according to the experimental results on 65 mD Clashach sandstone core,
also, the performance of WAG in the mixed-wet system was better than that of the
water-wet system.
Furthermore, in these immiscible WAG processes, the largest portion of recovery
(decrease in oil saturation) occurred in the first cycle of injections and the decrease in
residual oil saturation was not significant in the later injection periods.
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Table 5-4: Residual oil saturation for each experiment, Skauge and Larsen (1994).
WAG-DI (starts with Gas)
Rock

Orientation

WAG-ID (starts with Water)

Wettability
Soi

Sor G1

SorW1

Sor G2

Soi

Sor W1

Sor G1

Sor W2

Berea

Horizontal

WW

0.733

0.213

0.079

0.075

0.73

0.44

0.438

0.391

Silanized
Berea*

Horizontal

NA

0.725

0.236

0.158

0.156

0.699

0.147

0.141

0.089

R1(North Sea)

Horizontal

WW

0.692

0.23

0.201

0.191

0.778

0.377

0.359

0.303

R2(North Sea)

Vertical

MW

0.64

0.35

0.16

-

0.63

0.28

0.18

-

R3(North Sea)

Vertical

MW

0.775

0.093

-

-

-

-

-

-

R4(North Sea)

Vertical

WW

0.381

0.191

0.145

-

0.489

0.218

-

-

* Wettability was initially altered to oil-wet by silanization but it changed from oil-wet to water-wet after series of experiments

Table 5-5: Oil recovery(%) for different experiments, Skauge and Larsen (1994).
Rock

Orientation

Wettability

Secondary WAG

Tertiary WAG

Berea (B)

Horizontal

WW

89.7

46.4

Silanized Berea

Horizontal

NA

78.5

87.2

R1

Horizontal

WW

72.4

61.1

R2

Vertical

MW

75

71.4

R3

Vertical

MW

88

-

R4

Vertical

WW

61.9

55.4

Figure 5-22: Residual oil saturation at the end of each flooding phase during WAG-DI (Blue) and
WAG-ID (Red) for Berea Sandstone and R1 North Sea cores.

Minssieux and Duquerroix (1994) performed immiscible WAG experiments on an 80
cm composite sandstone core. The WAG experiments were performed after subsequent
water flooding and started with gas injection. The core was water-wet with permeability
and porosity of 130 mD and 0.11, respectively. The experiments were conducted at 80
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°C with constant injection rates, and the core was horizontally oriented. Table 5-6
summarizes the results of their WAG experiments. They concluded that when oil was
under-saturated, oil swelling in the presence of injected methane combined with gas
trapping during imbibition helped to mobilize oil during the WAG injection. They also
concluded that in the absence of oil swelling, three-phase hysteresis involved in WAG
injection led to some extra but limited and slow oil production. As Figure 5-23 shows,
the residual oil saturation could be significantly reduced by three-phase flow compared
to two-phase waterflood.
Table 5-6: Results of Immiscible WAG experiments in water-wet sandstone core, Minssieux (1994).
Swelling

Soi

Sor WF

WAG Sor

WAG-ID

5% vol.

0.95

0.44

0.317

WAG-ID

13% vol.

0.56

0.325

0.152

WAG-ID

no Swelling

0.91

0.44

0.303

SWAG

no Swelling

0.78

0.467

0.387

Experiment

Figure 5-23: Residual oil saturation after immiscible WAG with swelling (Red) and without swelling
(Blue) for a water-wet sandstone core.

The sequence of injections in the study by Minssieux and Duquerroix (1994) was
similar to the most of the experiments that have been conducted at Heriot-Watt
University. The results of their study for WAG injection with zero and 5% oil swelling
were compared to the immiscible and near-miscible experiments that have been
performed on 65 mD water-wet and mixed-wet cores (Figure 5-24). The results of both
studies show that WAG injection at near-miscible conditions or with high oil swelling
has higher recovery than immiscible WAG.
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Figure 5-24: Comparison of residual oil saturation at the end of each flooding phase during WAG-ID
experiments, performed by Minssieux (Red) and HWU (Blue).

Egermann et al. (2000) reported the results of a series of four cyclic gas and water
injection experiments on a water-wet limestone core ( =0.23, k=215 mD) with different
initial saturations. In each series, there are two cycles and each cycle includes drainage
(gas injection) and imbibition (water flooding) experiments. The drainage and
imbibition experiments were at constant pressure and constant injection rate,
respectively. To ensure that the displacement mode is the same in the whole core, each
flooding test was pursued after the breakthrough of the injecting phase. The experiments
were performed at ambient condition, and the core was horizontally oriented. The fluids
used in these experiments were soltrol 70, brine (30 g/l NaCl) and nitrogen. The gas
injections were immiscible or at high IFT conditions (IFT oil/gas =27 mNm-1). Table
5-7 and Table 5-8 summarize the changes in residual oil saturation after cyclic gas and
water injections in all series. For Series 1, the core was initially saturated with water but
displaced by oil injection until no further water was produced (to establish irreducible
water saturation Swir). The cyclic gas and water injection was then performed. This
experiment is equivalent to WAG-DI injection. In Series 2, the cyclic injections started
after secondary water flooding where oil had reached to its residual value. For Series 3
and 4 by steady-state injection of oil and water, an intermediate value for oil saturation
was established before starting the cyclic injections. These experiments are equivalent
to WAG-ID injection. Whatever the establishment of the initial state was, the sequence
of injection was drainage (gas injection) and imbibition (water injection). As depicted in
Figure 5-25, the residual oil saturation can be considerably lower by three-phase flow
compared to two-phase water flooding or gas injection. The majority of the oil recovery
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took place during the first three injections, and no significant production was obtained
after the subsequent injections. Although the lithology of the core used in this study
(carbonate) is different from sandstone, almost the same trend in reduction of residual
oil saturation was observed during immiscible WAG injection.
Table 5-7: Residual oil saturation during Series 1 (WAG-DI), Egermann et al. (2000).
Experiment
S1 (Soi=0.51, Swir=0.49)

Initial So

Sor G1

SorW1

Sor G2

SorW2

0.51

0.28

0.21

0.19

0.19

Table 5-8: Residual oil saturation during Series 2, 3, 4 (WAG-ID), Egermann et al. (2000).
Experiment

SorW1 (initial)

Sor G1

SorW2

Sor G3

SorW3

S2 (Sorw=0.31, Swi=0.69)

0.31

0.24

0.18

0.18

0.18

S3 (Soi=0.39, Swi=0.61)

0.39

0.25

0.19

0.18

0.18

S4 (Soi=0.42, Swi=0.58)

0.42

0.27

0.22

0.20

0.19

Figure 5-25: Residual oil saturation at the end of each flooding phase during WAG tests that started
with different initial oil and water saturations.

Element et al. (2003) pursued a laboratory study on immiscible WAG-ID and DI floods
in water-wet and mixed-wet (intermediate-wet) Berea sandstone cores. Water-wet and
mixed-wet cores had the same porosity of 0.19 but gas permeability of 328 and 393 mD,
respectively. Decane, distilled water, and nitrogen were the fluids used in their
displacement experiments. The development of mixed wettability was done by aging
the core with stock tank oil. The injections were performed vertically from the top of the
core. The flooding sequences under the both wettability conditions started with water
flooding for WAG-ID experiment and with gas for WAG-DI experiment. A higher
recovery was achieved for water-wet and mixed-wet cores for WAG-DI (gas injection
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before the first waterflood). The same conclusion has been made from research results
of Skauge and Larsen (1994) and ours. Table 5-9 presents the residual oil saturation
obtained after each drainage and imbibition process in a WAG-ID injection for the
water-wet core. These data were the only published data in their paper. Figure 5-26
compares the results of tertiary WAG injection performed by Element et al. (2003) with
WAG-ID and DI carried out by Skauge and Larsen (1994).
The results of WAG-ID experiment by Element et al. (2003) was compared with two
most similar experiments performed at Heriot-Watt University; WAG-ID injection into
65 mD once with water-wet wettability at near-miscible conditions and once with
mixed-wet wettability at immiscible conditions (Figure 5-27). The immiscible WAG
injections for both studies showed very similar behaviour and no significant oil
production was obtained after the first WAG cycle. However, the residual oil saturation
at near-miscible conditions decreased considerably after the first cycle. Considering the
trend of changes in residual oil saturation during WAG injections, it is revealed that, as
expected, the recovery of WAG at near-miscible conditions is significantly higher than
under immiscible conditions.
Table 5-9: residual oil saturation during immiscible WAG-ID injection for water-wet Berea sandstone
core.
Experiment

Soi

SorW1

Sor G1

SorW2

Sor
G2

SorW3

Sor G3

SorW4

Sor
G4

WAG
(Secondary)

0.74

0.46

0.31

0.26

0.25

0.24

0.23

0.22

0.21

Figure 5-26: Residual oil saturation at the end of each flooding phase during WAG-DI (Blue) and
WAG-ID (Red) WAG injections by Element et al. and Skauge & Larsen.
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Figure 5-27: Residual oil saturation at the end of each flooding phase during WAG-ID injections by
Element et al. (Red) and HWU (Blue).

5.5

Conclusions

In this study, the effect of gas/oil IFT reduction on two- and three-phase relative
permeabilities has been investigated using the two- and three-phase coreflood
displacement experiments. The current practice for two-phase kr IFT scaling was
examined using the measured data. Furthermore, the effect of gas/oil IFT on residual oil
saturation change during WAG injections at immiscible (high gas/oil IFT) and nearmiscible (very low gas/oil IFT) conditions in laboratory scale was evaluated. The
following conclusions can be drawn from this study:
Two-Phase Systems


The relative permeability of both phases increase as the IFT decreases, but not
equally.



As the system moves from immiscible toward miscible conditions, the relative
permeability increases and its curvature reduces.



The IFT reduction to the ultra-low value of 0.04 mNm-1 was more effective than
0.15 mNm-1.



The residual oil saturation decreased as the IFT decreased, particularly at the
ultra-low IFT values.
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The wetting phase (oil) kr was affected by IFT reduction mainly at low
saturation values while the non-wetting phase (gas) kr was impacted in the whole
range of saturation.



The effect of IFT reduction on kro and Sor was more pronounced for high
permeability rocks.



The measured relative permeability by a displacement experiment should be
corrected for the effects of IFT if the IFT values of the experiment do not
represent the IFT values of the reservoir. Using Coats method as the IFT scaling
method should be done cautiously, and non-equal effects on kro and krg should be
borne in mind.



Application of separate weighing factor for oil and gas in the Coats method is
recommended to alleviate the problem, although the method could not yet
accurately estimate the residual fluid saturations.



Application of the Coats method and the modified version proposed in this study
will result in less error than using completely uncorrected kr.

Three-Phase Systems


The gas/oil IFT reduction affects the relative permeability of all three phases, kro,
and krg increase while krw decreases at low values of water saturation.



The observed effect on the krw should be further investigated.



Similarly to the two-phase system, the IFT reduction was more effective at ultralow IFT conditions, with minor effects at intermediate values.



Further investigations are required to understand the influence of gas/oil IFT
variations on three-phase kr.



The residual oil saturation could be significantly reduced at three-phase flow
compared to two-phase waterflood or only gas injection.



In the most of the research studies on immiscible WAG injection, presented in
this study, the major reduction in residual oil saturation is achieved in the first
cycle, and further WAG cyclic injection does not have a significant contribution
to oil recovery. The only exception is for near-miscible WAG (ultra-low gas/oil
IFT) injection where the residual oil saturation keeps decreasing to the last
injection cycle.



Although there is not enough literature data on the performance of WAG
injection at very ultra-low gas/oil IFT (near-miscible) conditions, based on the
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data presented in this thesis, the performance of near-miscible WAG (ultra-low
gas/oil IFT) is generally better than that of immiscible WAG (high gas/oil IFT).


The immiscible WAG (high gas/oil IFT) experiments that started with gas
injection (WAG-DI) have higher oil recovery than those starting with water
flooding (WAG-ID) for both water-wet and mixed-wet systems.
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Chapter 6 – Gas/Oil Relative Permeability Normalization

Relative permeability (kr) is usually measured in the laboratory. Measuring kr under
conditions involving mixed-wet rocks and low interfacial tension (IFT) fluids are
particularly difficult and requires special equipment. The question is how to predict kr
for a mixed-wet rock using existing kr data measured for a water-wet rock. Generally,
how do we predict kr for a new rock/fluid conditions (such as permeability, wettability,
and IFT) using existing kr data measured at different conditions?
The objective is to apply kr normalization techniques on available gas/oil kr data for one
condition to calculate gas/oil kr for another condition and to examine the effect of
absolute permeability, wettability, and IFT on the results of this technique.
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6.1

Introduction

The relative permeabilities (kr) are crucial flow functions governing the fluid
distribution within and production from the petroleum reservoirs under various oil
recovery methods. To obtain these vital reservoir parameters, conventionally, it is
required to take rock samples from the reservoir and perform appropriate laboratory
measurements. Although kr is expressed as a function of fluid saturation, it is now wellknown that kr values are affected by pore structure and distribution, absolute
permeability, wettability, IFT, and saturation history. These rock/fluid properties often
change from one region of the reservoir to another, but it would be impossible to
perform kr measurements for all areas of a reservoir. Performing experiment on a core
with higher permeability is faster and easier than a low permeability rock. Therefore,
assuming all other parameters such as wettability, IFT, and displacement direction are
the same for two rocks with different permeability, the question is, how to estimate the
kr of a rock with lower permeability from available (measured) kr of a higher
permeability rock?

How to account for wettability and IFT differences? A

normalization technique has been proposed to remove the effect of irreducible water and
trapped saturations, which would be different under different conditions. The relative
permeabilities can then be denormalized and assigned to different regions (rock types)
of the reservoir based on their own irreducible water and trapped saturations.
The objective of this study is to predict the gas/oil kr for a new rock/fluid conditions
(such as permeability, wettability, and IFT) using existing gas/oil kr data measured at
different conditions. By use of measured data from coreflood experiments, it was shown
that by applying an appropriate normalization technique one can adequately predict kr of
rocks with different permeability and wettability conditions in two-phase gas/oil flow.
To improve the methodology, a new hypothesis is introduced and proposed here based
on Dynamic Trap Saturation. Finally, the aim is to devise ways and means of estimating
relative permeabilities, using available kr data of one set of rocks and relevant fluid
conditions, for different rocks and conditions. The two-phase gas/oil relative
permeabilities for two Clashach sandstone cores with similar pore size distribution and
absolute permeability of 65 mD and 1000 mD, under mixed-wet (MW) and water-wet
(WW) conditions, with low and high gas/oil IFT have been measured. The experimental
data together with the computer program presented in Chapter 3 were used to obtain
two-phase kr for the two cores and at different conditions.
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6.2

Theory & Methodology

Generally, one could define relative permeability as the ratio of the conductance of a
continuous phase, in a connected path filled by that phase, to the total conductance of
the porous media. Therefore, the relative permeability of one phase represents the
contribution of the flow of that phase to the total flow. Having said that in the
displacement processes, some parts of existing phases are not mobile, and they do not
have any contribution to flow until they join a continuous-flowing path. Therefore, in
any phase distribution, there are two types of saturations; mobile and immobile
saturations. Of course, only the mobile fluids contribute to flow and production. The
critical parameters that affect relative permeability are absolute rock permeability,
wettability, IFT, and hysteresis, which control the fluid distribution within the porous
media. The immobile fluids within the pore space of the rock restrict the path available
for fluid flow of the mobile fluids. Therefore, immobile fluid saturation is a key
parameter in defining relative permeability. Eq. 6-1 describes this fact, in which
immobile saturation of any fluid is expressed as a function of other fluid saturations (S),
absolute rock permeability, wettability, IFT, and hysteresis behaviour.

S immobile S immobile S , k , wettabilit y, IFT , hysteresis 

6-1

Normalization techniques have been proposed to account for the effect of irreducible
water and trapped saturations, which would be different under different conditions. The
traditional normalization technique (Mawla & Al-Saadoon (1978)) can be presented as

Sin 

Si  Sir
1  S wr  Sor  S gr

, i=oil, gas, water

6-2

Where S in is the normalized saturation for phase i, Si is the phase saturation at any time,
and Sir is the residual (immobile) saturation for each phase attained at the end of
displacement.
In this study, it is assumed that using the normalized saturation and the relevant
irreducible and residual saturations the kr under new conditions could be estimated from
existing kr at different conditions.
Improved Normalization Technique
To improve the current normalization technique, this study proposes a new hypothesis
based on the concept of Dynamic Trapped Saturation. At any time, the total saturation
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of each phase is the sum of immobile and mobile components of that phase’s saturation,
where:

Si  Simobile  Siimmobile

6-3

For example, in the two-phase flow process of water displacing gas, at any point in
time, the in-situ gas has two parts, one mobile, and the rest is immobile. Both mobile
and immobile saturations change as the displacement progresses (Land (1968) and
Carlson (1981)). At the end of the water injection (when no more gas is produced) the
mobile portion is zero, and the immobile portion is equal to the final trapped gas. This
final trapped gas is equivalent to the possible maximum trapped gas for that system. It
is visualized that initially, at the start of water injection, the trapped (immobile) gas
saturation is zero, but as the injection proceeds, it increases. In other words, the trapped
component of the gas is dynamic and increases during the process of displacement. It is
called ‘dynamic trapped gas saturation’. This concept is applied to any non-wetting
phase that is being displaced by a wetting phase (i.e., in imbibition processes). In the
conventional normalization technique, the maximum trapped saturation, which is also
called residual saturation is used, Eq. 6-2. A modified version of that equation,
replacing the final trapped saturation values by dynamic ones, is:

S indynamic 

S i  S irt
1  S wrt  S ort  S grt

6-4

Here the subscript i refers to a non-wetting phase (gas in the example mentioned above),
t for dynamic trapped saturation or trapped saturation of each phase at corresponding Si.
To estimate the immobile portion of fluid at any point in the flow process, several
researchers have proposed trapping models such as Land (1968) and Spiteri et al. (2008)
models. Spiteri et al. (2008) demonstrated in their research work that the Land model
was only applicable to water-wet systems. They proposed a new model that apply to any
wettability condition. The relationship between the initial saturation and trapped
saturation in their model is defined as

S gt S gi   S gi  S gi2

6-5

Where, subscript i is for initial, and t stands for maximum trapped (not dynamic) gas
saturation corresponding to an initial gas saturation and α and β correspond to the initial
slope and the curvature of the curve of Sgt versus Sgi respectively. The flowing gas
saturation at any value of Sg is calculated from the following equation.
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S gf 

1 
  1 
2 

  12  4 S g  S gt   S g  S gt S g  S gi 


6-6

where γ is a tuning parameter for oil-layer drainage mechanism.
They have optimized α and β parameters using the pore-network simulation data. The
optimization was performed for all contact angles and resulted in the following
constraints; 0  α  1 and β 0. They have plotted the optimal parameters α and β as
functions of the intrinsic contact angle which is shown in Figure 6-1.

Figure 6-1: Optimal parameters α and β as functions of the intrinsic contact angle (after Spiteri et al.
2005).

Although, these models have been developed for imbibition process and for estimating
trapped-fluid saturation of the non-wetting phase in a two-phase system, Spiteri et al.
(2008) model, which was designed for all ranges of wettability, was used for calculating
trapped saturations for drainage experiments too.
6.3

Experiments

To assess the validity of the normalization procedure (Eq. 6-2), the two-phase gas/oil
experiments summarized in Table 6-1 were used. Six gas injections were performed on
65 and 1000 mD water-wet and mixed-wet core at two IFT conditions of 0.4 and 2.7
mNm-1. More details on each experiment are provided in the following subsections and
can be found in Sohrabi et al. (2007) and Fatemi et al. (2012 & 2015).
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Table 6-1: summary of two-phase unsteady-state coreflood experiments.
Experiment
No.

Core
Permeability
/mD

Wettability

IFT g/o
/mNm-1

Initial Saturations

Maximum Residual Oil
Saturation

1

65

Water-Wet

0.04

Soi=0.82, Swir=0.18

Sor=0.14

2

65

Mixed-Wet

0.04

Soi=0.82, Swir=0.18

Sor=0.16

3

1000

Water-Wet

0.04

Soi=0.92, Swir=0.08

Sor=0.034

4

1000

Mixed-Wet

0.04

Soi=0.92, Swir=0.08

Sor=0.046

5

1000

Water-Wet

2.7

Soi=0.92, Swir=0.08

Sor=0.11

6

1000

Mixed-Wet

2.7

Soi=0.92, Swir=0.08

Sor=0.25

Experiments 1 and 2:
The experiments were conducted on the 65 mD water-wet and mixed-wet cores
respectively under near miscible conditions (gas/oil IFT of 0.04 mNm-1) at 1840 psia.
The gas injection started at the rate of 50 cm3h-1, and the injection rate was increased to
100 cm3h-1 until the end of the test. The reason for increasing the injection rate (bumped
flood) in this and other tests was basically to increase the range of saturation for which
relative permeability can be obtained from history matching of these displacement
experiments.
Experiments 3and 4:
These experiments were conducted on the 1000 mD water-wet and mixed cores under
near miscible conditions. The core initially contains 92% oil and 8% irreducible water.
The gas injection was performed at the rate of 200 cm3h-1.
Experiments 5 and 6:
These experiments were conducted on the 1000 mD water-wet and mixed-wet cores
under immiscible conditions (gas/oil IFT of 2.7 mNm-1) at 1215 psia. The gas injection
was performed at the rate of 200 cm3h-1.
6.4

Results & Discussion

The kr at two different conditions of interest were measured and the residual saturations
for each experiment were calculated based on material balance. Eq. 2 and the relevant
residual saturations were used to present relative permeability for condition 1 based on
normalized saturation. To estimate kr for condition 2, the saturation should be denormalized using the corresponding residual saturations. In this study, as the measured

106

Chapter 6– Gas/Oil Relative Permeability Normalization

kr at condition 2 is available, it is possible to compare the estimated versus measured
relative permeabilities and evaluate the performance of normalization technique.
6.4.1

Effect of absolute permeability

The aim in this subsection is to use a normalization technique and estimate kr for a low
permeability core from the measured kr of a high permeability core. The wettability and
IFT conditions are the same between two cores.
6.4.1.1

Water-wet and Low IFT conditions

The gas/oil kr were obtained from the two gas injection tests (Experiments 1 and 3)
performed on the 65 mD and 1000 mD water-wet cores saturated with oil and
irreducible water at low gas/oil IFT conditions. The two-phase relative permeabilities
were obtained after history matching the experimental data. Figure 6-2(a) shows the
relative permeabilities versus gas (non-wetting phase) saturation obtained from history
matching for both tests on a semi-log plot. Then, the kr from 1000 mD core is used, and
the normalization technique is applied to estimate kr for 65 mD core. Figure 6-2(b) and
Table A-1 (Appendix A) compare the estimated and measured gas/oil kr for the 65 mD
core which presents a reasonable match between them. In other words, if the only
available kr data is for 1000 mD water-wet rock at IFT of 0.04 mNm-1, and the kr data of
65 mD for water-wet conditions and at the same IFT value is required for the reservoir
simulation purposes, the above method can be used to obtain a rough, but reasonable
estimate of the required relative permeabilities. These will definitely be much better
than any other guess made for input to the simulator.

Figure 6-2: (a) Comparison of measured gas/oil relative permeabilities for Experiments 1 and 3. (b)
Comparison between measured and estimated gas/oil relative permeabilities for 65 mD water-wet core.
Measured gas/oil relative permeabilities of 1000 mD water-wet core were used in estimation.
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Mixed-wet and Low IFT conditions
The comparison between measured gas/oil kr for two gas injection tests (Experiments 2
and 4) conducted on 65 mD and 1000 mD cores, under mixed wettability and low
gas/oil IFT conditions is presented in Figure 6-3(a). By applying the normalization
technique, it was possible to estimate kr for the 65 mD mixed-wet core from the
measured kr of 1000 mD mixed-wet core. Figure 6-3(b) and Table A-2 (Appendix A)
compare the measured and estimated kr for 65 mD core. In other words, in the complete
absence of gas/oil kr curves for the 65 mD core, one could use the said normalization
technique to obtain a rough, but reasonable, estimate for relative permeabilities using
the available kr curves of the 1000 mD core.

Figure 6-3: (a) Comparison of measured gas/oil relative permeabilities for Experiments 2 and 4. (b)
Comparison between measured and estimated gas/oil relative permeabilities for 65 mD mixed-wet core.
Measured gas/oil relative permeabilities of 1000 mD mixed-wet core were used in estimation.

6.4.2

Effect of wettability

The normalization technique is used to estimate kr for a mixed-wet core from measured
kr of a water-wet core while the permeability and IFT conditions are the same for the
two cores.
65 mD and Low IFT conditions
Figure 6-4(a) depicts measured gas/oil relative permeabilities for 65 mD core at two
different wettability conditions of water and mixed-wet (Experiments 1 and 2). Using
normalization, gas/oil kr at mixed-wet condition was estimated from kr of water-wet
core and as Figure 6-4(b) and Table A-3 (Appendix A) show there is a reasonable
agreement between measured and estimated relative permeabilities.
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Figure 6-4: (a) Comparison of measured gas/oil relative permeabilities for Experiments 1 and 2. (b)
Comparison between measured and estimated gas/oil relative permeabilities for 65 mD mixed-wet core.
Measured gas/oil relative permeabilities of 65 mD water-wet core were used in estimation. MW
=mixed-wet; WW=water-wet.

1000 mD and Low IFT conditions
The relative permeabilities obtained from history matching of experimental data for
both tests (Experiments 3 and 4) are in very close agreement (Figure 6-5). These results
highlight that at high permeability and low IFT conditions the effect of wettability on
the flow of fluids in porous media can be less pronounced because the capillary force at
pore scale is very minimal which leads to insignificant residual saturation. Hence, the kr
of the water-wet core is also representative of that of the mixed-wet core for low IFT
and high permeability systems. In other words, if the rock is highly permeable, and the
reservoir is operated at high pressure (i.e., the gas/oil IFT value is low), one could
neglect the effect of wettability and use the relative permeabilities obtained under one
wettability condition for another one, without incurring significant errors.

Figure 6-5: Comparison of measured gas/oil relative permeabilities for Experiments 3 and 4. MW =
mixed-wet; WW = water-wet.
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1000 mD and High IFT conditions
Although gas/oil relative permeabilities for 1000 mD core at low IFT conditions were
almost identical for water-wet and mixed-wet wettability conditions, at high IFT
conditions (Experiment 5 and 6) there is a considerable difference between relative
permeabilities at different wettabilities (Figure 6-6(a)). Applying the normalization
technique, the kr at mixed-wet conditions were estimated from the kr at the water-wet
condition with a good agreement to the measured kr (Figure 6-6(b) and Table A-4).

Figure 6-6: (a) Comparison of gas/oil relative permeabilities for Exp#5 and 6. (b) Comparison between
measured and estimated gas/oil relative permeabilities for 1000 mD mixed-wet core. Measured gas/oil
relative permeabilities of 1000 mD water-wet core were used in estimation.

6.4.3

Effect of gas/oil IFT

The effect of IFT on kr has been studied by several researchers and different results, and
conclusions have been published in the literature which has been presented in Chapter
5. Moreover, the current state of the art for IFT scaling has been presented in Chapter 5.
The normalization technique is used to estimate kr at low IFT conditions from measured
kr at high IFT conditions while the permeability and wettability are the same between
two cores.
1000 mD and water-wet wettability
The gas/oil relative permeabilities measured by conducting two experiments
(Experiments 3 and 5) on a 1000 mD water-wet core saturated with oil and irreducible
water at different IFT conditions (0.04 and 2.7 mNm-1). Figure 6-7(a) compares these
relative permeabilities. The normalization technique was used to estimate kr at low IFT
conditions from the kr at high IFT conditions, but the result was not promising (Figure
6-7(b)). For 1000 mD mixed-wet core, the same practice was performed between
relative permeabilities of low and high IFT conditions but normalization technique was
not able to estimate kr at different IFT conditions. As it was concluded in Chapter 5,
gas/oil IFT affects both relative permeabilities and their curvatures but not equally. This
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can be one of the reasons that normalization technique did not work to capture the effect
of IFT.

Figure 6-7: (a) Comparison of gas/oil relative permeabilities for Experiments 3 and 5. (b) Comparison
between measured and estimated gas/oil relative permeabilities for 1000 mD water-wet core at low IFT.
Measured gas/oil relative permeabilities of 1000 mD water-wet core at high IFT were used in
estimation.

6.4.4

Application of Dynamic Trap Saturation

The normalization method using dynamic trapped saturation would be beneficial if the
maximum trapped saturation is significant, which would result in considerable variation
in trapped saturation at different times during the displacement process. To assess the
validity of the above method using dynamic trapped saturation in normalisation
equation (Eq.6-2 ), those experiments which exhibit high maximum trapped saturation
at the end of displacement were selected. The two-phase experiments used in this
investigation are Experiments 1 and 2. The following equation was used for calculating
dynamic normalization of the gas saturation.
dynamic
S gn


Sg

6-7

1  S wir  S ort

Since the wettability varies in the above-selected sets of experiments, the Spiteri et al.
(2008) trapping model is used as it has been proposed for all types of wettability
conditions (not limited to water-wet). According to the introduced optimal value for α
as the function of contact angle, for a water-wet rock, this parameter should be around
1. The β parameter was calculated 0.99 from Eq. 6-5 and γ parameter was tuned to 1.1
using Eq. 6-6 and the maximum trapped saturation value of 0.14 for the water-wet core.
Figure 6-8(a) shows the calculated trapped oil saturation during the displacement
experiment in the water-wet core. The calculated dynamic trapped saturation has been
used in the normalization formula and kr for mixed-wet core estimated accordingly.
Figure 6-8(b) depicts much better agreement between measured and estimated relative
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permeabilities when the dynamic trapped saturation was used in the normalization
technique. More experimental data are required to perform a comprehensive evaluation
of the proposed method.

Figure 6-8: (a) Dynamic trapped oil saturation versus oil saturation for Experiments 1 and 2. (b)
Comparison between measured and estimated gas/oil relative permeabilities for 65 mD mixed-wet core.
Measured gas/oil relative permeabilities of 65 mD water-wet core and dynamic trap saturations were
used in estimation.

6.5

Conclusions

The main conclusions drawn from this study for two-phase gas/oil systems are as
follows:
1. The results of two-phase gas/oil systems confirm that the two-phase gas/oil kr of
a high permeability rock (1000 mD) may predict the performance of two-phase
gas injection test in a lower permeability (65 mD) rock. Hence, if there is no
directly measured two-phase kr available on a low permeability rock but it is
available for a higher permeability rock (of similar lithology), the two-phase kr
of the high permeability rock could be used instead, as an approximation. In this
case, it would be preferable to express the high permeability kr data in terms of
normalized saturation and use the results for the low permeability rock if
reasonably accurate estimates of irreducible water and trapped fluid saturations
are available. This practice would be recommended for the case with different
wettability.
2. However, the effect of gas/oil IFT change cannot be captured using conventional
normalization technique. Application of modified Coats (1980) method which
was presented in Chapter 5 can help to capture the effect of gas/oil IFT on kr.
3. Applying modified normalization method (based on dynamic trap model)
predicts relative permeability more accurately for some cases. An extensive set
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of experimental data is required to evaluate the performance of this method
properly.
4. In general, the normalization technique can provide a simple tool to a practicing
reservoir engineer to have a better estimate for the kr curves which there is no
laboratory measurement.
6.6
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Chapter 7-Conclusions, Recommendations, and Future Works
Relative permeability and capillary pressure are two crucial parameters in multiphase
flow which describe the distribution and flow of each fluid in porous media. The
importance of these flow functions will be even more significant for three-phase flow
systems. This thesis attempted to address three key questions.
(i) How to accurately obtain multi-phase flow functions?
A methodology was devised for calculating kr values and in particular three-phase kr
from unsteady-state experiments. The effort was extended to simultaneously
calculating capillary pressure from the same coreflood experiment.
(ii) What are the physical parameters which can affect flow functions?
There are different physical parameters which can affect flow functions. Effect of
gas/oil interfacial tension (IFTg/o) on two and three-phase relative permeability and
also on residual saturation during alternative water and gas injections was studied.
(iii) How to predict flow functions?
It was attempted to predict two-phase relative permeability for a certain rock and
fluid conditions when there is no available measured data for that conditions. A
methodology was introduced to use available data for different conditions than the
conditions of interest and estimate relative permeability reasonably well.
In this chapter, a summary of the drawn conclusions from previous chapters and some
recommendations for possible future research works are presented.
Chapter 3
A computer program was developed as an optimization tool to obtain two- and threephase kr from unsteady-state coreflood experiments. An optimization algorithm was
implemented to minimize the differences between the experimental data and the results
of numerical simulation through a process of a history matching. The main purpose was
to provide an automatic history matching tool for researchers, practicing reservoir
engineers, and petrophysicists to obtain two- and three-phase relative permeabilities
from the corresponding two- and three-phase coreflood experiments. To the best of our
knowledge, the current commercial softwares work for two-phase experiments, and
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there is no commercial software in the oil industry for calculating three-phase relative
permeabilities from unsteady-state coreflood experiments. Two and three-phase
unsteady-state coreflood experiments were history matched successfully, and the
estimated two and three-phase relative permeabilities were presented in this thesis.
Using this approach, some of the limitations of analytical methods like JBN has been
overcome. Pc can be included in the process of kr calculation, and its associated effects
are accounted. Moreover, as the developed tool is linked to a commercial reservoir
simulator, all the state of the art formulations available in the current commercial
simulators can be used for properly simulating the coreflood experiments.
The tool is equipped with a global optimizer and appropriate and flexible functional
representations of kr. GA has been employed in the optimizer which minimizes the
possible trapping of the best solution in the local minimum solutions. In addition to the
power-law model, the versatile model of LET was employed for kr curves.
Chapter 4
A new methodology was introduced to estimate kr and Pc using the results of a
coreflood experiment and assuming that kr was interrelated with Pc. The Pc was defined
as a function of saturation with some tuning parameters, and the kr was then calculated
from this Pc. For comparison, the conventional approach of simultaneous estimation of
kr and Pc was also utilized. In the conventional approach kr and Pc are two independent
functions and, to reduce the uncertainty, some in-situ measurements are included in the
history matching. The results of the new method were compared with the conventional
approach. The results demonstrated that simultaneous Pc and kr estimation through the
interrelated approach introduced in this work improves the accuracy of estimated kr and
Pc. The number of tuning parameters decreased in the history matching when kr is
assumed to be related to Pc. Having fewer tuning parameters in the history matching
may help to reduce the non-uniqueness problem associated with the history matching
process,
The simultaneous estimation of kr and Pc has a high degree of uncertainty and to reduce
this, it would be recommended to use as much data as possible in the process of history
matching. Inclusion of in-situ measurements, e.g. saturation profile in the process of
history matching will reduce the degree of uncertainty, and the estimated flow functions
will be more accurate.
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Chapter 5
The effect of gas/oil IFT reduction on two- and three-phase relative permeabilities has
been investigated using our two- and three-phase coreflood displacement experiments.
In a two-phase system, the relative permeability of both phases increases as the IFT
decreases, but not equally. As the system moves from immiscible toward miscible
conditions, the relative permeability increases, the residual oil saturation decreases, and
the kr curvature reduces. The kro was affected by IFT reduction mainly at low saturation
values while the krg was affected in the whole range of saturation. In a three-phase
system, the gas/oil IFT reduction affects the relative permeability of all three phases, kro,
and krg increase while krw decreases at low values of water saturation.
The current practice for two-phase kr IFT scaling was examined using the measured
data. Using Coats method as the IFT scaling method should be done cautiously, and
non-equal effects on kro and krg should be considered. Application of separate weighing
factor for oil and gas in the Coats method is recommended to alleviate the problem,
although the method still could not accurately estimate the residual fluid saturations.
Furthermore, the effect of gas/oil IFT on residual oil saturation change during WAG
injections at immiscible (high gas/oil IFT) and near-miscible (very low gas/oil IFT)
conditions in laboratory scale was evaluated. There is little information in the literature
concerning the performance of WAG injection at ultra-low gas/oil IFT (near-miscible)
conditions. However, based on data gathered in this thesis, the performance of nearmiscible WAG (ultra-low gas/oil IFT) is generally better than that of immiscible WAG
(high gas/oil IFT). In the majority of the research studies on immiscible WAG injection,
presented in this study, the main reduction in residual oil saturation is achieved in the
first cycle, and further WAG injection cycles do not have a significant contribution to
oil recovery. Moreover, the immiscible WAG-DI experiments have higher oil recovery
than WAG-ID for both water-wet and mixed-wet systems.
Chapter 6
A new methodology was introduced based on normalization concept to predict the
gas/oil kr for a new rock/fluid conditions (such as permeability, wettability, and IFT)
using existing gas/oil kr data measured at different conditions. Using of measured data
from coreflood experiments, it was shown that one can adequately predict kr of rocks
with different permeability and wettability conditions in two-phase gas/oil flow.
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Application of dynamic trap saturation in normalization technique has improved the
methodology.
The results of two-phase gas/oil systems confirm that the two-phase gas/oil kr of a high
permeability rock (1000 mD) may predict the performance of two-phase gas injection
test in a lower permeability (65 mD) rock. Hence, if there is no directly measured twophase kr available on a low permeability rock but it is available for a higher
permeability rock (of similar lithology), the two-phase kr of the high permeability rock
could be used instead, as an approximation. This practice would be recommended for
the case with different wettability. However, the effect of gas/oil IFT change cannot be
captured using conventional normalization technique. In general, the normalization
technique can provide a simple tool to a practicing reservoir engineer to have a better
estimate for the kr curves which there is no laboratory measurement.
Recommendations and Future Works


The estimated three-phase kr from unsteady-state coreflood experiments should
be compared against measured kr from steady-state experiments for similar
saturation direction, fluid and rock system.



The performance of the automatic history matching depends on the simulator,
functional form of flow function (e.g., kr) and the optimization method. Global
optimization methods are strongly recommended to be used for the history
matching purpose. In this study, we have used GA, which is a global optimizer.
However, it is recommended to evaluate the performance of stochastics methods
such as Ensemble Kalman based methods. Ensemble smoother with Multiple
Data Assimilation (MDA) is one of the promising optimization methods among
ensemble-based methods. Using Stochastic methods leads to obtaining a
confidence interval for the estimated flow functions.



A set of laboratory measured Pc is required to investigate the concept of
dynamic Pc properly. The significance of differences between dynamic and
static Pc should be elaborated.



In general, the simultaneous estimation of kr and Pc is practical when capillary
forces are significant in comparison with viscous forces during a dynamic
corefood experiment. Therefore, the physical and experimental conditions in
which this method can be applied should be investigated.
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The application of the simultaneous estimation of interrelated kr and Pc should
be evaluated for imbibition processes and different wettability conditions as
well.



Further investigations are required to understand the influence of gas/oil IFT
variations on three-phase kr.



The existing IFT scaling models for two-phase systems should be improved
based on the correct understanding of effect of IFT on each kr curve (curvature
and residual saturation) separately.



The Normalization Technique has been evaluated for gas/oil two phase system.
It is required to extend this evaluation to gas/water and oil/water system.



The application of Normalization Technique should be investigated for threephase flow systems. Most of the existing three-phase kr models are not capable
of predicting relative permeability and it is worth to investigate the capability of
normalization technique.



The application of dynamic trapping in Normalization Technique can be
evaluated having more measured relative permeability data.
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Appendix A: Measured and Estimated kr in Chapter 6
Table A-1: Comparison between measured and estimated gas/oil relative permeabilities for 65 mD
water-wet core. Measured gas/oil relative permeabilities of 1000 mD water-wet core were used in
estimation.

Table A-2: Comparison between measured and estimated gas/oil relative permeabilities for 65 mD
mixed-wet core. Measured gas/oil relative permeabilities of 1000 mD mixed-wet core were used in
estimation.
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Table A-3: Comparison between measured and estimated gas/oil relative permeabilities for 65 mD
mixed-wet core. Measured gas/oil relative permeabilities of 65 mD water-wet core were used in
estimation.

Table A-4: Comparison between measured and estimated gas/oil relative permeabilities for 1000 mD
mixed-wet core. Measured gas/oil relative permeabilities of 1000 mD water-wet core were used in
estimation.
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Appendix B: Sample Eclipse Data File for Coreflood Simulation Model
================================================================
RUNSPEC
================================================================
TITLE
THREE-PHASE GAS INJECTION
LAB
-- Cartesian system
CART
--Phases involved
OIL
WATER
GAS
FULLIMP
-- Stack size
NSTACK
10 /
-- Dimension of the model is 100x1x1 gridblock
-NX
NY
NZ
----DIMENS
100
1
1 /
TABDIMS
-- max no.
--satn tab
1

max. no.
pvt tab

max. no. max. no.
max. no.
satn node
pres node
FIP region

1

200

50

/
WELLDIMS
-- MAXWEL
-- max no.
-- of well
20

MAXCON
max. no.
connection
50

MAXGRP
MAXWGP
max. no.
max. no.
group well/gp
10

3 /

MESSAGES
2* 10 6* 10000 /
-- Simulation start date
START
1 'SEP' 2012 /
-- Unified input and output files
UNIFIN
UNIFOUT
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================================================================
GRID
================================================================
-- Request for Output geometry and rock properties
-- Size of each cell in X, Y and Z directions
EQUALS
DX
0.6/
DY
4.5/
DZ
4.5/
TOPS 1 /
/
-- Permeability in X, Y and Z directions for each cell
PERMX
100* PERMEABILITY/
PERMY
100* PERMEABILITY /
PERMZ
100* PERMEABILITY /
-- Porosity of each cell
PORO
100* POROSITY /
-- Output file with geometry and rock properties (.INIT)
INIT
================================================================
--- THE PROPS SECTION DEFINES THE REL. PERMEABILITIES, CAPILLARY
--- PRESSURES, AND THE PVT PROPERTIES OF THE RESERVOIR FLUIDS
================================================================
PROPS
-ROCK

Pref
125.17

--DENSITY

Oil

1E-10 /
Water

0.4
PVTW
--Pref
125.17

Cr

Bw
1.000

1.0000
Comp
0

Gas
0.2 /
Vw
0.6819
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PVDG
-- Dry Gas PVT Properties (No Vapourised Oil)
125.17
1
0.02
130
0.9999
0.02
/
PVDO
--- Dead Oil PVT Properties (No Dissolved Gas)
-125.17
1
0.04
130
0.9999
0.04
/
INCLUDE
'kr.txt'/
--=============End props section==============================
REGIONS
================================================================
SOLUTION
================================================================
PRESSURE
100*125.17 /
SGAS
100*0 /
SWAT
100*0.50/
RPTRST
basic=2

NORST=1

VGAS VOIL

SOIL SGAS KRO KRG /

--=============================================================
SUMMARY
--=============================================================
RPTONLY
--Cumulative Oil Production
FOPT
--Cumulative Water Production
FWPT
--Cumulative Gas Production
FGPT
--Pressure at outlet (Production) and inlet (Injection)
WBHP
/
-- Create Excel readable Run Summary file (.RSM)
RUNSUM
EXCEL
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================================================================
SCHEDULE
================================================================
-- Location of wellhead and pressure gauge
-Well Well
Location
BHP
Pref.
-name group
I
J
datum
phase
------ -----------WELSPECS
PROD
G1
100
1
1*
OIL
/
INJG
G2
1
1
1*
GAS
/
/
-- Completion interval
-Well
Location
-name
I
J
----COMPDAT
PROD
100
1
INJG
1
1

Interval
K1 K2
-- -1
1

1
1

Status
O or S
-----O
O

Trans
-----1*
1*

7845.465/
7845.465/

/
-- Injection control (q1 is the injection
-- Well Fluid Status Control
Surf
-- NAME TYPE
mode
rate
-- ---- ----- ------ ---------WCONINJE
INJG

GAS

OPEN

RESV

/
WCONPROD
PROD OPEN RESV 4*
/

q1

1/

TSTEP
50*0.092
/
END
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and production rate)
Resv
Voidage
BHP
rate frac flag limit
---- ---- ---- ----q1

/

