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This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government

or any agency thereof.



ABSTRACT

The medium-heavy oil (viscous oil) resources in the Alaska North Slope are
estimated at 20 to 25 billion barrels. These oils are viscous, flow sluggishly in the
formations, and are difficult to recover. Recovery of this viscous oil requires carefully
designed enhanced oil recovery processes. Success of these recovery processes is
critically dependent on accurate knowledge of the phase behavior and fluid properties,
especially viscosity, of these oils under variety of pressure and temperature conditions.
This project focused on predicting phase behavior and viscosity of viscous oils using
equations of state and semi-empirical correlations.

An experimental study was conducted to quantify the phase behavior and physical
properties of viscous oils from the Alaska North Slope oil field. The oil samples were
compositionally characterized by the simulated distillation technique. Constant
composition expansion and differential liberation tests were conducted on viscous oil
samples. Experiment results for phase behavior and reservoir fluid properties were used
to tune the Peng-Robinson equation of state and predict the phase behavior accurately. A
comprehensive literature search was carried out to compile available compositional
viscosity models and their modifications, for application to heavy or viscous oils. With
the help of meticulously amassed new medium-heavy oil viscosity data from
experiments, a comparative study was conducted to evaluate the potential of various
models. The widely used corresponding state viscosity model predictions deteriorate
when applied to heavy oil systems. Hence, a semi-empirical approach (the Lindeloff
model) was adopted for modeling the viscosity behavior. Based on the analysis,
appropriate adjustments have been suggested: the major one is the division of the
pressure-viscosity profile into three distinct regions. New modifications have improved
the overall fit, including the saturated viscosities at low pressures. However, with the
limited amount of geographically diverse data, it is not possible to develop a
comprehensive predictive model. Based on the comprehensive phase behavior analysis of
Alaska North Slope crude oil, a reservoir simulation study was carried out to evaluate the
performance of a gas injection enhanced oil recovery technique for the West Sak
reservoir. It was found that a definite increase in viscous oil production can be obtained
by selecting the proper injectant gas and by optimizing reservoir operating parameters. A
comparative analysis is provided, which helps in the decision-making process.
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EXECUTIVE SUMMARY

The medium-heavy oil (viscous oil) resources in the Alaska North Slope are
estimated at 20 to 25 billion barrels. Most of the Alaska North Slope heavy oil resources
lie in the West Sak, Milne Point, and Ugnu reservoirs, close to both the Prudhoe Bay oil
field and the Trans Alaska Pipeline System, which serve as the necessary infrastructure
for production facilities and transportation. At present, viscous oils from “West Sak-
Schrader Bluff” formation are being developed. With conventional oil production on the
Alaska North Slope projected to decline to 200,000 bbl/day to 400,000 bbl/day by 2015,
there will be a critical need for pumping additional liquid to provide an adequate volume
for economic operation of the Trans Alaska Pipeline System as well as for meeting
growing demand. Production of heavy oil resources on the Alaska North Slope could
supply the needed fluid volume if the oil could be produced economically and in
sufficient quantity. These oils are viscous, flow sluggishly in the formations, and are
difficult to recover. Recovery of this viscous oil requires carefully designed enhanced oil
recovery processes. The principal technological issues and challenges in heavy oil
recovery identified by Alaska North Slope operators are complex fluid phase behavior
and lack of pressure-volume-temperature characterization data, phase behavior changes
in the presence of a solvent, and unpredictable viscosity behavior and its influence on
flow. Success of the enhanced oil recovery processes is critically dependent on accurate
knowledge of phase behavior and fluid properties, especially viscosity, of these oils under
variety of pressure and temperature conditions. This project focused on predicting phase
behavior and viscosity of viscous oils using equations of state and semi-empirical
correlations.

To address the issues related to Alaska North Slope heavy oil recovery, we conducted
a comprehensive research program designed to develop a fundamental understanding of
the fluid phase behavior, pressure-volume-temperature properties, and viscosity of
Alaska North Slope heavy oils. The phase behavior and viscosity data can then be used as
input for predicting Alaska North Slope heavy oil recovery through numerical reservoir
simulation. Such a study is certainly needed for the successful future commercialization
of heavy oil production technology in Alaska and other North American heavy oil
resources.

The main objectives of this study were to quantify the phase behavior of the Alaska
North Slope heavy oils experimentally, and through equation of state modeling in order
to provide data for compositional reservoir simulation, evaluate the commonly used
compositional viscosity models for predicting heavy oil viscosity and improve upon the
performance of the selected model for better prediction of the viscosities of medium-
heavy oils from the Alaska North Slope. Finally, the tuned equation of state model will
be used to perform a compositional reservoir simulation to predict the performance of the
West Sak reservoir for different gas injection schemes and a variety of injection gases.

The phase behavior and fluid properties of viscous oils from the Alaska North Slope
were experimentally studied. Flashed heavy oil samples from the Alaska North Slope
were recombined with methane at reservoir conditions to simulate live oils. Compositions
of two representative heavy oil samples were determined using simulated distillation
technique. Constant composition expansion, differential liberation, and viscosity
measurement experiments were conducted on the oil samples for analyzing the phase
behavior and fluid properties. Phase behavior was modeled by tuning the equation of
state with measured data. The Peng-Robinson equation of state was successfully tuned
and it provided satisfactory match of experimental data. Using a wide range of medium-
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heavy oil viscosity data, a comparative study was conducted to evaluate the potential of
various viscosity models. The widely used corresponding state viscosity model
predictions deteriorate when applied to heavy oil systems. Hence, a semi-empirical
approach (the Lindeloff model) was adopted for modeling the viscosity behavior of
viscous oils. Based on the analysis, appropriate adjustments have been suggested: the
major one being the division of the pressure-viscosity profile into three distinct regions.
These new modifications to the Lindeloff model have improved the overall fit of
experimental viscosity data, including the saturated viscosities at low pressures.
However, with the limited amount of geographically diverse data, it is not possible to
develop a universal predictive model. Based on this comprehensive phase behavior
analysis of the Alaska North Slope crude oil, a compositional reservoir simulation study
was carried out, with the tuned Peng-Robinson equation of state, to evaluate the
implications of using gas injection as an enhance oil recovery technique for the West Sak
reservoir. It was found that a definite increase in viscous oil production can be obtained
with the proper selection of an injectant gas and optimized reservoir operating
parameters. A comparative analysis of several enhanced oil recovery scenarios is
provided.



Chapter 1 INTRODUCTION

United States’ largest domestic deposits of heavy hydrocarbons are in Alaska,
California, and Utah. Out of the total US heavy oil resources, about 20 to 25 billion
barrels exist on the Alaska North Slope (ANS). The ANS heavy oils typically lie in what
is called “A Class”: medium-heavy oil (Figure 1.1). The A Class type oils are of
moderate API gravity and relatively low downhole viscosity and hence are less
problematic to produce than B or C Class oils. Most of the ANS heavy oil resources lie
close to both the Prudhoe Bay oil fields and the Trans Alaska Pipeline System (TAPS),
which serve as the necessary infrastructure for production facilities and easy transport.
With conventional oil production on the ANS projected to decline to 200,000 to 400,000
bbl/day by 2015, there will be a critical need for pumping additional liquid to provide an
adequate volume for economic operation of the TAPS. Production of heavy oil resources
on the ANS could supply the needed fluid volume if the oil could be produced
economically and in sufficient quantity. Blending heavy oil with light oil would provide
sufficient viscosity reduction to support transportation through the TAPS. The ANS
heavy oil resources are also low in sulfur, heavy metal content, and asphaltenes, thereby
increasing suitability for refining. The heavy oil belt lies above existing ANS light oil
fields where geologic description is well known saving associated exploration cost.
Development of ANS heavy oil also offers other intangible benefits such as opportunities

for carbon sequestration.
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1.1 Heavy Oil Potential of the Alaska North Slope

The Alaska North Slope contains vast resources of heavy oils primarily concentrated
in the West Sak, Milne Point, and Ugnu reservoirs. There are currently five fields
producing viscous oil in Alaska: Orion, Polaris, Schrader Bluff, Tabasco, and West Sak.
The West Sak and Ugnu heavy oil deposits lie within the Kuparuk River Unit (KRU)
while the Orion and Polaris heavy oil belts are classified under the Prudhoe Bay Unit.
The Schrader Bluff viscous oil formation overlies the Kuparuk River formation and
primarily comes under the Milne Point Unit. General delineation of these pools is shown
in the Figure 1.2. At present, viscous oils from “West Sak-Schrader Bluff” formation are
being developed.

Beaufort Sea

Milne Point Unit

Kuparuk River
Unit

Colville River
Unit

Prudhoe Bay
Unit

5 Miles
10 Km

Figure 1.2 Alaska’s Viscous Oil Reserves (Source: BP Exploration Alaska Inc.
presentation to Alaska Department of Revenue, February 18, 2005)

The Ugnu formation overlies the West Sak formation under the Kuparuk River Unit.
The estimated total oil in place within these reservoirs amounts to about 20-25 billion
barrels, with about two-thirds of the heavy oil lying under the Kuparuk River Unit.
(Targac et al., 2005). Figure 1.3 shows a cross-section of the various viscous oil
formations in this heavy oil belt on the ANS.
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Figure 1.3 Cross Section of Alaska’s Viscous Oil Deposits (Source: International
Energy Agency, Resources to Reserves, November 2005, page 76)

Despite the large reserve of heavy oil on the ANS, production of heavy oil from the
ANS has been very limited. Currently, only about 12,000 bbl/day of heavy oil is
produced from the West Sak and Orion fields. Principal technological issues and
challenges in heavy oil recovery identified by ANS operators are:

1. Complex fluid phase behavior and lack of pressure-volume-temperature
(PVT) characterization data.

2. Phase behavior changes in the presence of a solvent.

3. Unpredictable viscosity behavior and its influence on flow.

4. Solids deposition in the pipeline and near-well bore regions.

These problems are all directly or indirectly related to a poor understanding of the
PVT characteristics and fluid phase behavior of heavy oil systems containing co-solvents,
gases, asphaltenes and waxes. Lack of good correlations for predicting heavy oil viscosity
adds to the problem.

1.2 Heavy Oil Phase Behavior and Viscosity

Phase behavior investigations of hydrocarbons, hydrocarbon mixtures, and crude oils
are indispensable in petroleum and allied industries. Primary production, enhance oil



recovery (EOR) processes, and treatment of petroleum crude oils require thorough
knowledge of phase behavior. Fluid pressure-volume-temperature (PVT) properties play
an important role throughout the life of a reservoir. Reliable predictions of fluid
properties are essential for determination of in-place volumes and recovery factors
through material balance equations. Reservoir fluid properties provide key input to
simulators used to evaluate reservoir development strategy. Accurate PVT properties are
required for interpretation of well test data and design of surface facilities and processing
plants. Fluid characterization and distribution within the reservoir help in defining the
continuity and communication within various zones (Nagarjan et. al., 2006). Both
compositional and black oil simulators require input of fluid properties or models
describing the fluid properties as function of pressure, temperature, and composition.

The phase behavior of heavy oil systems is complex and often exhibits unusual and
completely unanticipated phenomena such as the appearance (or disappearance) of
additional liquid and/or solid phases with changes in pressure or temperature (Abedi et
al., 1998). Unless a comprehensive understanding of phase behavior and fluid properties
of these heavy oils is obtained, effective development of these valuable resources will
always be hindered. Addition of carbon dioxide, nitrogen, and light hydrocarbon gases to
reservoir fluids as envisaged in a number of secondary recovery process schemes can
induce complex and unusual phase and viscosity behavior over the ranges of pressure and
temperature encountered (Nghiem et al., 2000).

Correct fluid property data is vital for reservoir modeling and facilities design.
Similarly, it is also necessary to measure PVT phase-behavior as this data is typically
useful for tuning compositional equations of state (EOS) for use in managing reservoir as
well as offshore facilities design calculations. Viscosity is the primary fluid property
targeted in most heavy oil recovery techniques. Additionally, viscosity is critical for
calculating pressure loss and flow line sizing. Hence, viscosity data at a wide range of
pressure and temperature conditions is needed for tuning viscosity correlations and
testing viscosity models. Asphaltene precipitation from reservoir fluids during oil
production can cause serious problems in the reservoir by permeability reduction and
wettability alterations, the latter leading to either positive or negative effects on reservoir
performance (Dandekar et al., 2000). However, if it takes place in the well bore or in the
surface processing facilities, serious plugging problems and pressure losses will result

(Ali, 1974). Asphaltene precipitation can occur during primary depletion of highly



undersaturated reservoirs or during miscible hydrocarbon gas or CO, injection. The
injection of hydrocarbon gases or CO, for improved oil recovery (IOR) may promote
asphaltene precipitation. However, this is primarily a function of pressure, temperature
conditions, reservoir oil compositions, and more importantly the molecular weight or the
‘richness’ of the injection gas (Kokal and Sayegh S, 1995).

Fluid viscosity can be modeled in a number of ways. In the broader perspective, the
models can be classified in the following ways: (1) theoretical models, (2) semi-
theoretical models, and (3) empirical models (Mehrotra et al., 1996). Generally, the
theoretical models are very accurate. However, at present, these are applicable only for
simple fluid systems, viz. simple gas-mixtures. Additionally, these theoretical models are
computationally exhaustive and require many intangible variables that are intractable.
Since its inception, the oil industry has been largely dependent on empirical models.
These models are generally simple to use and require easily available field-measured
variables. At the same time, the results are within the acceptable margin of error.

Over the years these empirical models have served the oil industry very well, albeit
limited to the light oil reservoirs. When these empirical models are extrapolated to the
heavy oils, they are usually insufficient to predict viscosity behavior. Additionally,
though the effect of temperature is very well captured by these models, the effect of a
lesser-viscous solvent addition to reduce the viscosity, is difficult to estimate. In
particular, the ANS heavy oil reservoirs have limitations for production strategies, due to
the presence of permafrost. Here, the well-established thermal recovery methods cannot
be applied. The main recovery methods could be Water-Alternating-Gas (WAG) or
Vapor Extraction (VAPEX). For these methods to be applied, it is important to know the
relationship between the amounts of solvent added versus a decrease in the viscosity.
Considering the above scenario, semi-theoretical models could provide an ideal choice to
model the viscosities. These methods consist primarily of compositional models.

Most of the compositional models are based on the principle of the corresponding
states. The most famous compositional models are the Lohrenz-Bray-Clark (LBC) model
(1964) and the Pedersen model (Pedersen et al., 1984; Pedersen and Fredenslund, 1987).
These models are featured in most of the commercial reservoir modeling software
available in the oil industry. They accurately predict the viscosities of the light oil
systems; viscosities up to 10 cP. Because of their tremendous potential, numerous

attempts have been made in the past few years to extend these models to heavy oils. A



comparative study to demonstrate the performance of various models for predicting
medium-heavy oil viscosity is necessary and useful for evaluation of recovery potential
of these oils. Because of its remarkable promise, the new generation Lindeloff model
(Lindeloff et al., 2004) needs to be studied in detail.

1.3 Objectives of the Study

To address the issues related to ANS heavy oil recovery, we conducted a
comprehensive research program designed to develop a fundamental understanding of the
fluid phase behavior, PVT properties, and viscosity of ANS heavy oils in the presence of
solvents and gases. The phase behavior and viscosity data can then be used as input for
predicting ANS heavy oil recovery through numerical reservoir simulation. Such a study
is certainly needed for the successful future commercialization of heavy oil production
technology in Alaska and other North American heavy oil resources. The specific
objectives of this project were:

e Quantify the phase behavior of the ANS heavy oils experimentally and,
through EOS modeling, provide data for compositional reservoir simulation.
The tuned EOS model forms the basis for reservoir scale simulations of EOR
projects and various field development options. Tuned EOS are also required
in compositional viscosity models.

e Measure live and dead crude oil viscosity under the variety of pressure and
temperature conditions encountered in the reservoir for validation of
compositional viscosity models for ANS heavy oils.

e Evaluate the commonly used compositional viscosity models and weigh their
competence against each other based on the compiled medium-heavy oil
viscosity data.

e Choose the best medium-heavy oil viscosity model for extended analysis. If
possible, improve upon the performance of the selected model for better
prediction of the viscosities of medium-heavy oils from ANS. The model will
be validated by applying to the experimentally determined data sets
representing the heavy oils from ANS, in addition to the data sets complied
from other sources

e Develop a tuned EOS model for the West Sak oil using available experimental

data from the previous steps.



e Use the tuned EOS model to carry out compositional reservoir simulation to
predict performance of the West Sak reservoir for different gas injection

schemes and a variety of injection gases.



Chapter 2 LITERATURE REVIEW
A review of literature pertinent to this study is presented in this chapter. This includes
phase behavior experiments, phase behavior modeling, and oil viscosity prediction
methods. Because phase behavior and viscosity prediction methods developed in this
study were used to simulate viscous oil recovery from the West Sak reservoir, a
background on the West Sak reservoir and enhanced oil recovery methods is also
presented.

2.1 Phase Behavior Experiments

Reliable quantification of fluid phase behavior requires measurement of reservoir
fluid properties at varying thermodynamic conditions of pressure and temperature.
However, it is time consuming and expensive to measure the fluid phase properties at
different conditions. Therefore, equations of state (EOS) are used to predict these
properties. Predictions from EOS cannot be relied upon directly as they cannot accurately
simulate the interactions between numerous hydrocarbon and non-hydrocarbon
components present in petroleum crude oil. In order to have meaningful and accurate
estimates of fluid properties and phase behavior, EOS require some amount of tuning to
match with experimental data.

Phase behavior of any system is dictated by its pressure, temperature, and
composition. Experimental phase behavior studies include measuring volumetric
properties as a function of pressure and temperature. Constant composition expansion,
differential liberation, and separator tests were conducted to analyze the volumetric
properties of the heavy oils. Nagarajan et al. (2006) reviewed the entire process from
fluid sampling to tuning EOS for all types of reservoir fluids. They also focused on the
key laboratory fluid analyses for capturing the fluid phase behavior for different
production strategies ranging from simple depletion to complex tertiary recovery.

Over the past few years studies have been conducted to understand the recovery
mechanisms from heavy oil fields. Heavy oil reservoirs tend to be low pressure and low
energy systems. Satik et al. (2004) carried out a study of Venezuelan heavy oil solution
gas drive. This included PVT tests and depletion tests on live heavy oil samples. They
concluded that for heavy oils non-equilibrium characteristics play a major role in
interpreting depletion experiments and recommended non-conventional PVT tests like

constant composition expansion without any external mixing and differential wait



interval between consecutive pressure steps. Several mechanisms have been suggested to
explain the recovery in heavy oil fields. Sand co-production, foamy oil drive reservoir
compaction, high critical gas saturation, and low gas mobility are some of the factors
identified to be responsible for heavy oil recovery. High critical gas saturation (Whitson
et al., 1983) and low gas mobility (Cenzig et al., 2004) are considered to be the primary
mechanisms for high solution gas drive recovery.

Viscosity reduction is the primary task in improving heavy oil recovery. Thermal
recovery processes are effective in reducing the oil viscosity by increasing the reservoir
temperature. Though very effective, thermal recovery process is not suitable for many
reservoirs, especially those with thin pay zones, environmental constraints, or depth
issues. For moderately viscous oils (<1000 cP) non-thermal methods are more effective
compared to thermal ones. Application of non-thermal processes requires reliable
prediction of process performance which requires knowledge about mechanisms active in
the process and contribution of each toward total oil recovery.

Non-thermal EOR of heavy oil involves solubilization of solvent into oil, mass
transfer from vapor to liquid by diffusion, reduction of oil viscosity by solvent dilution,
mixing of diluted and undiluted oil by mixing and diffusion, and upgrading of oil by
asphaltene precipitation and deposition. This mechanistic study requires knowledge of
solubility and viscosity behavior of the oil-solvent system. Ted et al. (2002) carried out
PVT and viscosity measurements for LIoyminster-Aberfeldy heavy oils in the presence of
solvents. A capillary viscometer was used online with a PVT cell to measure the oil
viscosity for the solvent-oil mixtures. Methane, ethane, propane, and CO, were used as
solvents and the phase behavior in the presence of each solvent was quantified. They also
confirmed formation of asphaltene at high solvent loading for oil-propane system.

Roper (1989) conducted an experimental phase behavior study of a CO,-West Sak
heavy oil system. This study included conventional PVT tests like constant composition
expansion and differential liberation tests and online viscosity measurement with
capillary viscometer for West Sak heavy crude oil. The effect on swelling behavior and
viscosity of West Sak oil was observed for different loadings of the solvent CO,. At a
CO; loading of 60 mol% onward, solid precipitation was observed which increased with
increasing pressure. A 75% reduction in live oil viscosity was reported with first contact
miscible 60 mol% CO,-live West Sak oil system. DeRuiter et al. (1994) reported on static

equilibrium experiments to measure the solubilities of methane, ethane, propane, butane,
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and CO; in West Sak heavy oils. Physical properties including viscosity, density, and
other volumetric properties were measured for live oil-solvent systems once equilibrium
was achieved. They also carried out miscibility measurements with slim tube
displacement experiments for selected injection gas/oil system. They concluded that West
Sak oil viscosity is strongly controlled by its dead oil properties and the amount of
solvent gas but not by the type of gas dissolved. Asphaltene deposition was observed in
static and dynamic displacement experiments for West Sak oils at reservoir conditions for
propane and butane which were found to be first contact miscible (FCM) and multiple
contact miscible (MCM) to immiscible with increased dilution with lean gas. Okuyiga
(1992) characterized the EOS and modeled the viscosity data for West Sak heavy oils.

2.1.1 Compositional Characterization

Petroleum crude oils contain thousands of components that determine their physical
properties. Compositional description is required in both production and refining of crude
oils. Compositional information is the basic information required for modeling phase
behavior of the system. ASTM Standard D2892(01) for true boiling point (TBP)
distillation is an accepted standard in the petroleum industry for determining the boiling
range distribution of crude oils. But TBP distillation is time consuming and requires a
large volume of sample. Simulated distillation by gas chromatography (GC) on other
hand is a very quick technique for quantification of the composition of crude oil and
takes only micro liters of sample. The ASTM Standard D2887(04) is an accepted
chromatographic method for oils with final boiling points less than 538°C (1000°F). In
this method the boiling range is calibrated by eluting the mixture of n-paraffins in gas
chromatograph. But discrepancies occur when the data from these two methods is
compared. Chorn (1984) in his experimental study of simulated distillation by GC
suggested procedural and methodical modifications to ASTM Standard D2887(78) to
improve the match with TPB data. McAllister, et al. (1985) studied the discrepancies
between the results of TBP and simulated distillation by GC techniques and proved that
the area counts of simulated distillation correspond to mass percent and not volume
percent. They suggested the use of an internal standard to calculate the non-eluted
fraction of the oil.

Okuyiga (1992) also studied the mismatch between the results of TBP and simulated

distillation by GC. An alternative approach was taken to obtain single carbon number
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molecular weights and specific gravities by performing a regression using the results
from the TBP distillation. In this scheme, initial estimates were made for the pseudo-
component molecular weights and specific gravities using the GC-determined weight
fractions of the distillation cuts. The calculated values were then compared to the
experimental values determined for the cuts in the laboratory with TBP distillation. The
difference was used to guide the estimated values toward optimal ones using nonlinear
regression. Exponential functions were used to correlate the molecular weights and the
specific gravities as functions of carbon number to reduce the regression parameters. The
values for the molecular weight and specific gravity of the plus fraction were treated as
separate parameters since its equivalent carbon number was unknown. With this

methodology the results of TBP distillation and simulated distillation were matched.

2.1.2 Constant Mass Expansion

Constant mass expansion is also known as constant composition expansion (CCE).
The reservoir fluid at reservoir pressure and temperature conditions is expanded and the
change in volume is measured at isothermal conditions. This enables computation of the
bubble point pressure which is taken as a point at which the slope of volume vs. pressure
plot changes abruptly. Compressibility of the oil is calculated by the following equation:

1 0oV
Co= _V(a_P)T (2.1)

2.1.3 Differential Liberation

This experiment is carried out on heavy oils. This test simulates the reservoir
depletion process. The reservoir fluid is kept in a PVT cell at reservoir pressure and
temperatures conditions. The pressure in the cell is reduced and liberated gas is collected
in stock tank conditions of 14.7 psia pressure and 60°F. The test is conducted until the
pressure of 14.7 psia and final residual oil volume measurement allows for the
computation of solution gas/oil ratio and formation volume factor at every step of
differential liberation. Figure 2.1 shows a schematic of the differential liberation

experiment.
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Figure 2.1 Schematic of Differential Liberation Experiment (Dandekar, 2005)

2.1.4 Separator Test
The reservoir fluid at reservoir temperature and pressure conditions is flashed to
atmospheric conditions in two or three stages in series. Figure 2.2 provides a schematic of
the separator test.
The primary objective of the separator test is to determine the optimum separator
conditions that will give:
e A minimum of the total gas/oil ratio,
e A maximum in the API gravity of stock tank oil, and

e A minimum in formation volume factor of oil at bubble point conditions.
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Figure 2.2 Schematic of the Separator Test

2.1.5 Minimum Miscibility Pressure

The miscible displacement process occurs when there is an absence of a phase
boundary or interface between the displaced and displacing fluids. This condition is
achieved when the interface between the fluids is absent and no interfacial tension exists
between the mixed fluid phases. In a miscible displacement process, the injected gas
directly mixes and forms a single phase with the reservoir oil when mixed at all
proportions at the conditions existing at the interface between the oil and the gas. This
results in the elimination of interfacial tension forces between the oil and displacing fluid.
The pressure at which the interfacial tension becomes “zero” is termed as the Minimum
Miscibility Pressure (MMP) (Rao, 1997).

The MMP is one of the most important parameters in the determination of optimum
operating conditions involving miscible gas displacement processes and should be
accurately measured. “MMP for a CO,-reservoir fluid system is defined as the pressure at
which 80% of the oil in place is recovered at CO; breakthrough and 94% of the oil in
place at a production gas/oil ratio (GOR) of 40,000 SCF/BBL is ultimately recovered.”
(Holm and Josendal, 1974). “MMP is the lowest pressure at which all oil available for
recovery can be displaced by 1.2 pore volumes of injected solvent.” (Metcalfe, 1979).

In a majority of research, the criteria used for interpreting the displacements have

included gas breakthrough, ultimate recoveries at a given volume of the solvent injection,
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visual observations of core effluents, compositions of produced gases and liquids, shapes

of breakthrough, and ultimate recovery curves versus pressure (Rao, 1997).

2.1.6 Factors Affecting MMP

Holm and Josendal (1980) put forth the following conclusions based on the

experiments they carried out:

Dynamic miscibility occurs when the density of CO, is greater than dense
gaseous CO,. At this point CO, solubilizes Cs to C3 hydrocarbon components
in the reservoir oil.

The MMP increases as reservoir temperature increases.

The MMP is inversely related to the total amount of Cs through Cs
hydrocarbon components present in the reservoir oil. The more the amounts of
these hydrocarbon components present in the oil, the lower the MMP.

Lower molecular weight hydrocarbon components promote miscibility and
result in a lower MMP.

Development of miscibility is almost independent of the presence of
components C, through Ca.

The presence of a small amount of methane in the oil doesn’t change the
MMP appreciably. As a deviation from this rule Alston et al. (1985) proposed
a new equation accounting for the inclusion of methane and nitrogen
concentration in reservoir oil. The correlation proved that a significant amount

of these components in the reservoir oil increases the MMP.

Ahmed (2007) described more parameters which affect the MMP:

Oil characteristics and properties including API gravity.
Injected gas composition. The presence of methane in injection increases the
MMP.

Oil molecular weight.

2.1.7 Experimental Methods to Determine the MMP

2.1.7.1 Slim Tube Displacement
Displacement of oil by gas through a porous medium simulates the gas injection

process more closely than other tests and often is considered a definitive test. The

displacement is conducted either in a core, extracted from the reservoir, or more often in
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a long and narrow sand pack, known as a “slim tube”. A slim tube test is conducted to
examine the flushing efficiency and fluid mixing during a miscible displacement process.
Slim tube results are interpreted by making a plot of cumulative oil recovery versus pore
volume of injected gas. Recovery with 1.2 pore volume of gas injection is plotted versus
injection pressure. The point at which the recovery/pressure curve starts to flatten, as the
displacement approaches near miscibility, and eventually forms a straight line starting at
a certain pressure, is called the MMP (Danesh, 1998).
The disadvantages associated with slim tube tests are:
e The experimental procedure is time consuming.
e There are no precise miscibility criteria, resulting in the indirect interpretation
of miscibility, such as the prediction of the MMP, from the oil recovery
curves.

e Plugging of slim tubes can be a problem.

2.1.7.2 Rising Bubble Apparatus (RBA)
For quick and reasonable estimates of gas/oil miscibility, the RBA technique can be

employed. Miscibility is determined by the change in shape and appearance of bubbles of
injected gas as they rise through a visual high-pressure cell filled with crude oil. A series
of tests are conducted at different pressures of the injected gas and the bubble shape is
continuously monitored to determine miscibility. This test is qualitative in nature, as
miscibility is inferred from visual observations. Some subjectivity is associated with the
miscibility interpretation of this technique and the results, therefore, are somewhat
arbitrary. The method requires a small amount of fluid quantities and is cheaper than slim
tube tests. Also, no strong theoretical background appears to be associated with this
technique and it provides only reasonable estimates of gas/oil miscibility conditions
(Ahmed, 2007).

2.1.7.3 Vanishing Interfacial Tension (VIT) Technique
Rao (1997) put forth a new technique to determine gas/oil miscibility by measuring

the interfacial tension (IFT) between the injected gas and reservoir fluid phases at
reservoir temperature and at different pressures. The VIT technique is based on the
concept that the IFT between the gas and crude oil phases at reservoir temperature must
reduce to zero as these two phases approach the point of miscibility. The concept of zero

IFT is based on the fact that the interface between the phases must vanish as they become
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miscible with each other. Thus, MMP can be determined by measuring the gas/oil IFT as
a function of pressure, down to as low as the measurement apparatus allows, and then
extrapolating the data to zero IFT. The present work deals with this new VIT technique

using a pendant drop apparatus.

2.1.7.4 Pendant Drop Method
The pendant drop method is used to measure the gas/oil IFT at high pressures and

temperatures. Figure 2.7 shows a liquid droplet hanging from the tip of a needle in a high

pressure optical cell filled with equilibrated vapor (Dandekar, 2006).

Figure 2.3 Pendant Drop Shape (Source: www.pet.hw.ac.uk)

The shape and size of the liquid droplet at static conditions is dependent upon surface
and gravity forces acting at the gas/oil interface. The pendant drop assembly is normally
integrated to a high pressure cell that can be maintained at constant temperature and
pressure as required for experimental conditions. The equilibrium shape of the hanging
pendant drop is a balance between the forces acting on the drop, namely gravity. Gravity
pulls the drop down by elongation and surface tension which acts to prevent the growth
of surface area and pulls the drop into a spherical shape. The shape of the drop contains
both the density and the surface tension of the liquid, and this helps form the gas/oil IFT
equation (Dandekar, 2006):

_9dl
= (o - p,) 22

Where,
o = IFT between the oil and gas phase, dynes/cm.

o


http://www.pet.hw.ac.uk/�
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g = acceleration due to gravity, cm/s.

p1 = liquid phase density, g/cc.

pv = gas phase density, g/cc.

de = equatorial diameter of the maximum horizontal diameter of the drop, cm.

ds = diameter of the drop measured at a distance de above the tip of the drop, cm.

H = drop shape factor as a function of S = ds/de.

Niederhauser and Bartell (1947) have determined and reported the values of H, by
relating the pressure difference across the interface to the interface curvature. First, the
value of S is determined and then the drop shape factor, H, can be read from the tables
published by Niederhauser and Bartell. In the absence of these tables, the drop shape
factor can also be calculated using equations proposed by Misak (1968).

The advantages associated with the pendant drop method are that a small amount of
liquid samples is required and the test can be performed at elevated temperatures and
pressures. The time required for completion of the experiments is far less than for the
slim tube test and the apparatus is easy to set up. The major disadvantage is that this
method is not applicable at very low tension values. As miscibility or the critical point
between fluid/fluid phases is approached, due to rapid diffusion of drops into the
surrounding gas, it is difficult to measure the drop shape factor accurately. As in the case
of RBA, this test is qualitative in nature, as miscibility is inferred from visual
observations. Hence, some subjectivity is associated with the miscibility interpretation of
this technique (Orr Jr. and Jessen, 2007).

2.1.8 MMP Determination Using Equation of State Modeling

Phase behavior calculations of reservoir fluids are routinely made using EOS in the
petroleum industry. The phase behavior of oil in miscible injection processes consists
mainly of mass transfer as well as composition changes. It is important to tune the EOS,
prior to use, for accurate prediction of properties. Cubic EOS like Peng-Robinson (1976)
is widely used for convenient and flexible calculation of the complex phase behavior of

the reservoir fluids. The Peng-Robinson equation is (Patil, 2006):

p_ RT a
V—b V(V+b)+b(V —b) 2.3)
2T 2
a—0 "1, pog Rl
Pe and Pe (2.4a & b)

Where,
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a and b = mixing coefficients.

Q, and Qp = constants.

a = correction factor which is dependent on the reduced temperature and quadratic
function based on the acentric factor.

P, V, and T = pressure, mole volume and temperature of the components.

Peng-Robinson (1978) recommended a modification to the acentric factor and the
resulting equation was described as PR-EOS. Parameters like bubble point, liquid phase
densities, and compositions may differ by several percent from experimental values.
These inconsistencies in EOS predictions are from insufficient characterization of the
plus fractions, inadequate binary interaction coefficients, or incorrect overall
composition. Usually, most EOS predictions are not accurate. Therefore, before using
these EOS for phase-behavior calculations, it is necessary to calibrate the EOS against the
experimental data by adjusting the input values of the EOS parameters to minimize the
difference between the predicted and measured values. Critical pressure (Pc), critical
temperature (T¢), and acentric factor () of the plus fraction or direct multipliers on EOS
constants can be modified for matching experimental data obtained from PVT studies on
reservoir fluid (Alurkar, 2007). The adjustment which is done via regression analysis is

known as “equation tuning”, and shall be described in the later part of the work.

2.1.9 Previous Work on MMP Measurements Using VIT Technique

Rao (1997) first demonstrated the applicability of VIT to measure the MMP. He
experimentally demonstrated the applicability of the VIT technique to show miscibility in
a live reservoir crude oil-gas system at reservoir temperature and varying pressures. Rao
used different gas enrichment levels to determine the Minimum Miscibility Enrichment
(MME). The composition of injectant gas was successfully optimized for the miscibility
by performing a VIT experiment with varying gas compositions at an experimental
pressure of 30 MPa and 60°C. These experiments were performed on oil samples
obtained from Rainbow Keg F Pool reservoir in Canada.

Rao and Lee (2000) performed VIT experiments on Terra Nova Oil Samples. The
reservoir temperature and pressure conditions were the same as described above. They
compared the results of Minimum Miscibility Composition (MMC) and MMP obtained
from VIT experiments with those of slim tube tests and found a good match. In these

experiments Rao and Lee used the computerized axi-symmetric drop shape analysis
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technique to determine IFT. Rao and Lee showed that an increase in composition of
intermediate hydrocarbons in the oil decreases the MMP. The MMPs calculated
experimentally were within 5% of those observed visually in the experimental cell. They
proved that results obtained from the VIT technique were rapid, reproducible, and
quantitative, in addition to providing visual evidence of miscibility between injected gas
and live reservoir oil.

Ayirala and Rao (2003) put forth a comparative study of MMP measured using the
VIT technique with EOS calculations. For this purpose they used oil samples from
Rainbow Keg River (RKR) and Terra Nova reservoirs. PR-EOS within a commercial
software package was used and the effects of tuning and non-tuning the EOS on MMP
calculations were examined. For these two reservoir cases, tuned PR-EOS vyielded
significant differences between MMPs from EOS calculations and VIT measurements,
while untuned PR-EOS yielded a reasonable match with experiments. In the case of RKR
crude oil, the untuned EOS predictions were consistently higher by about 3.0-5.0 MPa
than the experimental MMP from the VIT technique. For Terra Nova crude oil, in three
out of five cases studied, the visible MMPs from the VIT experiments reasonably
matched with untuned EOS calculations. Based on these comparisons of VIT results with
EOS predictions, Ayirala and Rao demonstrated that this new technique of VIT is quite
promising and reliable.

Rao and Ayirala (2004) applied the VIT technique as a part of IOR using Gas
Assisted Gravity Drainage (GAGD) as an alternative for the Water Alternating Gas
Injection Process. Process optimization was done by determining miscibility pressures
and compositions through the use of the VIT technique.

Yang and Gu (2004) used VIT to study interfacial interaction in the crude 0il-CO,
systems under reservoir conditions. The experimental results were similar as described by
Rao in his work. They used the axi-symmetric drop shape analysis (ADSA) to measure
the IFT and to visualize the interfacial interactions between crude oil and CO, at high
pressures and elevated temperatures. A number of important physical phenomena were
observed when the crude oil was contacted with CO,, including the following: oil
swelling, light-ends extraction, initial turbulent mixing, skin layer, oil drop movement,
wettability alteration, asphaltene precipitation, and bubbling at the crude 0il-CO,
interface. In particular, the light-ends extraction, initial turbulent mixing, and wettability

alteration are the major characteristics of CO, flooding processes. In addition, Yang and
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Gu anticipated that wettability alteration may have significant effects on the ultimate oil
recovery and CO;, sequestration.

Ayirala and Rao (2006) investigated the applicability of the VIT technique to
determine miscibility and to measure dynamic gas/oil IFT using the capillary rise
technique. Ayirala performed experiments for two standard gas/oil phase systems of
known phase behavior characteristics (CO,-n-decane and 25 mol% methane + 30 mol%
n-butane + 45 mol% n-decane with CO;). Results obtained from the experiments were
compared to those obtained from slim tube tests. Their experiments further validated the
VIT technique to measure gas/oil miscibility using the capillary rise technique.

Orr Jr. and Jessen (2007) made an analysis of various crude oil systems used in the
past to determine MMPs and tried to simulate VIT experiments. They compared
estimates obtained from the calculation of MMPs using the VIT technique with those
from solutions of the differential equations that describe the interactions of the flow and
phase equilibria. They came to the conclusion that results obtained from the VIT
technique differed substantially from the MMP observed in displacement experiments.
According to Orr Jr. and Jessen, the uncertainty in the VIT estimate of MMP arises from
a fundamental limitation of the experiment in that VIT investigates the mixture
compositions which are linear combinations of the initial oil and injection gas that are
quite different from the critical mixture that forms at the MMP in a gas/oil porous
medium like the slim tube test.

Sequeira and Rao (2008) further validated results obtained from Ayirala’s
experiments and extended the study for CO,-live oil reservoir systems. In their
experiments Sequeira and Rao made detailed compositional analysis and density
measurements of vapor and liquid phases to infer information on mass-transfer
interactions and to determine the controlling mass transfer mechanism (vaporizing drive,
condensing drive, or both) that governs the attainment of miscibility. They further
investigated the compositional dependence of MMP and provided results based on
varying gas/oil ratios (both molar and volumetric) in the feed mixture. Their results

further demonstrated the reproducibility of VIT experiments.

2.1.10 MMP Correlations
Ahmed (1988) briefly described various methods for determination of MMP. These

methods were primarily dependant on the molecular weight of Cs., temperature, and the



21

weighted-composition parameter (based on partition coefficients of C, through Cs;
fractions). Some of the correlations studied required only the input of reservoir
temperature and the API gravity of the fluid. Orr Jr. and Silva (1987, Part 2) showed that
MMP changes as oil composition changes, and hence oil composition should be taken
into account while determining MMP. Alston et al. (1985) proved that the presence of
methane and nitrogen significantly increases the MMP. The ANS oils contain appreciable
amount of methane, hence Alston’s correlation was used to compare the results of
experimental findings with the correlation findings. The various correlations for the CO,-

crude oil system are described below.

2.1.10.1 Newitt et al. Correlation (1996)

EVP =14.7exp[10.91— 2015 ]

255.372 + .5556(T — 460) (2.5)

Where,

EVP = Extrapolated vapor pressure, psi.

T = system temperature, °R

The values of EVP can be correlated to MMP for low temperature reservoir
(T<120°F), using CO, vapor pressure plots.

2.1.10.2 Yellig and Metcalfe Correlation (1980)
MMP =1833.7217 + 2.2518055(T — 460) + 0.01800674(T — 460)° —% (26)
Where,
T = system temperature, °R.
Yellig and Metcalfe pointed out that, if the bubble point pressure of the oil is greater

than the predicted MMP, then the CO, MMP is set equal to the bubble point pressure.

2.1.10.3 Alston et al. Correlation (1985)
Alston proved that presence of significant amount of methane and nitrogen in the

crude oil increases the MMP.

0.136
MMP =.000878(T —460)*® (M_)"" {—i o }

int (27)
Where,
T = system temperature, °R.

Mcs+ = molecular weight of pentane and heavier fractions in the oil phase.
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Xvol = mole fraction of volatile (C; and N,) oil components.

Xint = mole fraction of intermediate oil components (C,-C4, CO,, and H,S).

2.1.10.4 Firoozabadi and Aziz’s Correlation (1986)
For a lean gas/crude oil system use:

M, (T —460) (2.8)
I =X¢, ¢, +Xco, + Xn,s (2.9)
where,

I = concentration of intermediates in the oil phase, mol%.
T = system temperature, °R.

Mc7+ = molecular weight of heptane and heavier fractions in the oil phase.

2.2 Equation of State Modeling of Phase Behavior

Many empirical correlations have been developed by analyzing the PVT reports of
oils from different fields to simplify the incorporation of fluid properties into the material
balance equation. All these correlations have the absence of composition and are
commonly referred to as black oil correlations. These black oil correlations express PVT
and fluid properties in terms of solution gas/oil ratio, oil and gas gravities. Many of the
black oil correlations have been listed in text of Ahmed (1989). Ostermaan et al. (1983)
analyzed the PVT properties of Alaskan oils from the Cook Inlet basin and checked the
accuracy of existing black oil correlations in literature. Many of the black oil correlations
were developed by analyzing the PVT properties of crude oils of a particular region. The
black oil model assumes that the reservoir fluids consist of three components (water, oil,
and gas) in a three-phase system (liquid, gas, and gas in solution), with components
miscible in all proportions. Due to absence of composition, the effects of fluid phase
composition on flow behavior are neglected.

An EOS is a mathematical relationship describing the interconnection between
various macroscopically measurable properties of a system. An EOS is completely
compositional and is capable of tracing effect of composition on the fluid properties and
phase behavior unlike the black oil model. Cubic EOS are commonly used in petroleum
industry for simulating phase behavior of hydrocarbon mixtures. Since the development
of van der Waals (1873) EOS, more accurate EOS have been developed, and these can

describe the thermodynamic properties and phase equilibria of a wide range of substances
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with varying degrees of success. Soave (1972), Redlich Kwong (1949) and Peng-
Robinson (1976) introduced cubic EOS that are widely used in PVT simulation packages
in the petroleum industry. Performance of cubic EOS is, however, questionable on
application to petroleum fluids in predictive mode. In order to reproduce the experimental
data, the EOS needs its parameters adjusted; this process is known as “tuning” the EOS.
There is no standard procedure of tuning for matching the experimental data. But some
guidelines and approaches are found in the literature. Merrill et al. (1994) carried out an
extensive program of tuning a particular PVT dataset with different approaches. They
reported the effect of different C;. characterization schemes on slim tube experiment
recoveries and recommended confirming EOS-predicted slim tube recoveries with
experimental data prior to incorporating “tuned” EOS into compositional reservoir
simulation. Experimental data available for regression typically is comprised of
saturation pressures, liquid phase densities, gas oil ratios and formation volume factors
from differential liberation experiments. It is quite possible that even after matching some
of the parameters, the EOS model predictions may still not be accurate for other
properties.

The nature of the oils differs regionally. Some oils are paraffinic while some are
napthenic and aromatic. This further complicates the estimation of plus fraction
properties like specific gravity and molecular weight, which are used in computation of
critical properties. This often affects the predictions of EOS for phase behavior. Most
tuning strategies involve characterizing the plus fraction to a suitable carbon number for
accurate representation of critical properties. Rafael et al. (2002) presented a tuning
strategy that involved characterizing the C-. fraction composition until C4s. and matching
the saturation pressure by varying the molecular weight of the plus fraction. The
components were further regrouped into multiple carbon number groups (MCN) and the
volumetric data was tuned. They suggested a methodology to preserve the match of
saturation pressure after lumping where the characterized C;. fraction was distributed
into two groups. They developed a correlation for distribution of characterized C7. mole
fraction into appropriate MCN groups. The volumetric data was matched with final
lumped composition by regressing using Peneloux and Rauzy (1982) volume translation
parameters which do not affect the vapor liquid equilibrium. Al Meshari et al. (2005)
presented a similar EOS tuning strategy except the saturation pressure after grouping was

matched by variation of acentric factor of heaviest MCN.
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2.3 Review of Viscosity Models

2.3.1 General Purpose Viscosity Models

The gas phase viscosity is primarily a function of the momentum transfer by
translation of the molecules with relatively few collisions. On the other hand, the
momentum transfer in dense gases and liquids is dominated by collisions and interacting
force fields between the densely packed molecules. A theoretical description of liquids is
difficult due to intermolecular forces, which consist of the short range (repulsion and
hydrogen bonding), wide range (electrostatic), and long range (attraction) effects. Thus,
there is no widely accepted simple theoretical method for predicting liquid viscosity
(Reid et al., 1987).

Several models for the viscosity of pure components and mixtures are available and
summarized in the literature (Monnery et al., 1995). Excellent reviews have also been
given by Reid et al. (1987). However, petroleum fluids were not covered in any of these
studies. Petroleum liquids are complicated undefined fluids which must be characterized
to obtain relevant parameters. Mehrotra et al. (1996) reviewed the most widely known
and accepted models for viscosity prediction of hydrocarbons and petroleum liquids.
They classified these models in three different categories: (1) theoretical models, (2)
semi-theoretical models, and (3) empirical models. The theoretical models, for example a
model based on Chapman-Enskog theory, are mainly used to calculate the viscosities of
the pure components and their mixtures. Some of these models have been used to model
the viscosities of the petroleum mixtures with little success.

Empirical models are mainly described in terms of correlations. The two main types
are Andrade (Andrade, 1934) and ASTM (ASTM, 1981) or Walther (Walther, 1931)

equations. The Andrade equation has the following form:
b
Iny=a+? (2.10)

whereas the ASTM equation has the following form:

log log (z +0.7)=b, +b, log T (2.11)

The various modifications of these equations can be found in the literature. Hossain et
al. (2005) have listed many of these correlations. The empirical methods also involve
another class, viscosity EOS. This approach is based on the phenomenological similarity

between the P-V-T and P-p-T surfaces resulting in a viscosity correlation which is an
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explicit function of temperature and pressure. Lawal (1986) and Guo et al. (2001)
attempted this approach.

The semi-theoretical methods for viscosity prediction have provided a blend between
the theoretical and correlative methods. 