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Abstract

Reliable design of gas and/or steam injection for enhanced oil recovery requires
compositional reservoir simulation, in which phase behavior of reservoir fluids is represented by
an equation of state (EOS). Various methods for reservoir fluid characterization using an EOS
have been proposed in the literature. Conventional characterization methods addressed the
challenge of the reliable prediction of the condensation/vaporization mechanisms in gas injection
processes. It is even more challenging to characterize reservoir fluids for multiphase behavior
consisting of three hydrocarbon phases. Complex multiphase behavior was observed
experimentally for many gas floods. The importance of considering multiphase behavior in gas
flooding simulation was also demonstrated in the literature. However, no systematic method has
been proposed, especially for three-phase characterization.

The main objective of this research is to develop a reliable method for multiphase fluid
characterization using an EOS. The Peng-Robinson EOS is used with the van der Waals mixing
rules in this research. The fluid types considered are gas condensate, volatile oil, black oil, heavy
oil, and bitumen.

The most important difference from the conventional methods is that, in this research,
reservoir fluids are characterized by perturbation of the EOS model that has been calibrated for
n-alkanes, in the direction of increasing level of aromaticity. This methodology is referred to as
perturbation from n-alkanes (PnA), and used consistently throughout the dissertation.

The experimental data required for the characterization methods presented in this
dissertation are the saturation pressure and liquid densities at a given temperature, in addition
to compositional information. Other types of experimental data, such as minimum miscibility
pressures, liquid dropout curves, and three-phase envelopes, are used to test the predictive
capability of the PR EOS models resulting from the PnA method.

First, the PnA method is applied to simpler phase behavior that involves only two phases of

vapor and liquid. The Peng-Robinson EOS is calibrated for vapor pressures and liquid densities

il



for n-alkanes from C7 to C100. Two different characterization methods are developed for two-
phase characterization using the PnA method. In one of them, fluid characterization is performed
by adjusting critical pressure, critical temperature, and acentric factor. In the other, fluids are
characterized by directly adjusting the attraction and covolume parameters for each
pseudocomponent.

Then, the PnA method is extended to three phases. Unlike for two phases, the Peng-
Robinson EOS is calibrated for three-phase data measured for n-alkane/n-alkane and CO2/n-
alkane binaries. A new set of binary interaction parameters (BIPs) is developed for these
binaries, and applied for reservoir fluid characterization.

The PnA method applied for two and three phases results in three different methods of fluid
characterization. They are individually tested for many different reservoir fluids to demonstrate
their reliability. The validation of the methods is based on experimental data for 110 fluids in
total (50 gas condensates, 15 volatile oils, 35 black oils, 4 heavy oils, and 6 bitumens).

Results consistently show that the use of the PnA method with the PR EOS vyields a
systematic, monotonic change in phase behavior predictions from n-alkanes. The two
characterization methods developed for two phases do not require volume shift to obtain
accurate predictions of compositional and volumetric phase behavior. However, they may not
give reliable predictions for three phases. The three-phase characterization presented in this
research is the most comprehensive method that can predict reliably two and three phases.
However, volume shift is required for matching density data in this last method. Therefore, it
should be used with a proper understanding of the relationship among different EOS-related

parameters and their effects on phase behavior predictions.
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Chapter 1: Introduction

In this section, the area of oil and gas industry relevant to present research is recognized in the
subsection “Background”. Conventional practices in the relevant area described in “Background” are
briefly described in the subsection “Conventional Characterization Methods for Reservoir Fluid”. The
area of issues is also recognized in this subsection. Issues related to conventional characterization are
discussed in the subsection “Issues Related to Conventional Characterization”. The subsection
“Problem Statement” recognizes the issues that the present research aims to address. Finally,

“objective of the research” is explained.

1.1. Background

Hydrocarbons are major source of world energy. Hydrocarbons are present in different forms in the
reservoir, such as gas, gas condensates, oil, and bitumen. Reservoir fluids are recovered from
reservoirs using various enhanced oil recovery methods after primary recovery methods are insufficient
for economic recovery. Miscible gas injection is an important enhanced recovery method used as
secondary or tertiary recovery mechanism as shown in Figure 1.1, which presents a summary of
different enhanced recovery projects around the world for the years 2010, 2012, and 2014 from oil and
gas journal worldwide survey (Moritis 2010; Koottungal 2012, 2014).

Miscible gas injection is one of several enhanced recovery methods that is applied to reservoir
containing wide gravity range fluids such as gas condensates, volatile oils, normal oils, heavy oils.
Sanger and Hagoort (1998); Taheri et al. (2013), Abdrakhmanov (2013) studied the miscible gas
injection to recover gas condensates. Clark et al. (2008) studied the miscible gas injection for volatile
oil of Tirrawarra field of Australia. Solvent injection has been successfully implemented in West Texas
(Mizenko 1992; Stein et al. 1992; Tanner et al. 1992), the Powder River Basin (Fulco 2000), Alaska
(McGuire et al. 2001), Canada (Malik and Islam 2000), and the North Sea (Varotsis et el. 1986). For
the recovery of heavy oils and bitumen, solvent is coinjected with steam to take synergic benefit of
thermal and compositional mechanism (Gupta et al. 2005; Gupta and Gittins 2006; Dickson et al. 2011).

Reservoir fluids are held back in pore spaces because of capillary pressure resulting from interfacial
tension between two different phases. The interfacial tension can be reduced by achieving miscibility
of the injected fluid and in-situ hydrocarbon. Holm (1986) defined miscibility for reservoir fluids as the
physical condition for two or more fluids that will permit them to mix in all proportions. Miscibility at given
pressure-temperature conditions for injectant and reservoir fluid system can be either first contact
miscibility (FCM) or multi contact miscibility (MCM). In first contact miscibility, injectant and reservoir
fluids are miscible at first contact in all proportion. However, for systems that are not miscible at first
contact, miscibility can be achieved by multiple contacts between the injectant gas and reservoir fluids
either by pressure adjustment or by composition change of injection gas. At a given temperature,
minimum pressure at which miscibility through multiple contact can be achieved between a given

injection gas and a reservoir fluid is called minimum miscibility pressure (MMP) (Pedersen and



Christensen 2007). If reservoir pressure and reservoir temperature are kept constant, miscibility
between injection gas and reservoir fluid depends on the composition of the injection gas. Minimum
enrichment of injection gas for which miscibility can be achieved at a given pressure and a given
temperature is called minimum miscibility enrichment (MME). Enrichment gases usually contain COz,
CHg4, C2Hs and liquefied petroleum gases (Cs and C4) (Whitson and Brulé 2000), however composition
of components such as Cs, C4, and higher carbon number components significantly affects the miscibility
conditions. Techno-economic feasibility of a miscible gas injection project depends on MMP and MME
factors.

Once miscibility is achieved, theoretically, 100% hydrocarbon recovery is possible, which leads to
highest possible local displacement efficiency. However, field scale implementation of miscible gas
injection does not result in such high recovery because of poor sweep efficiency from reservoir
heterogeneity and gravity override. Even though, displacement efficiency can be as high as 70-90%,
due to poor sweep efficiency, a typical additional recovery after water-flooding may be only 10-20% of
original oil in place (Sheng 2013). Nevertheless, gas flooding is well-developed technology and has
demonstrated good economic recoveries in the world (Manrique et al. 2007, Sheng 2013), and good
recovery from miscible gas injection will depend on proper understanding of the impact of key factors
on sweep and displacement efficiency (Sheng 2013).

Conventionally, enhanced oil recovery from miscible gas injection process refers to enhanced
recovery from the miscibility of liquid and vapor hydrocarbon phases for injected gas/solvent and
reservoir fluid mixture. The definitions of MMP and MME hitherto consider the miscibility of liquid and
vapor hydrocarbon phases present for a solvent and oil mixture, and these terms for miscibility may not
be suitable for use when three hydrocarbon phases are present. Experiments have confirmed the
presence of three hydrocarbon phases (oil rich liquid phase L1, solvent rich liquid phase L2, and vapor
phase V) for light gases’ (carbon dioxide, methane, ethane, propane, and butane) mixtures with heavier
n-alkanes, and with reservoir fluid.

For binary mixtures, CO2, methane, ethane, propane, and butane were studied as the solvent
component mixed with a heavier n-alkane component (Rodrigues and Kohn 1967; Kulkarni et al. 1974;
Hottovy et al. 1981a; Enick et al. 1985; Fall and Luks 1985; Fall et al. 1985; Estrera and Luks 1987;
Peters et al. 1987a, 1987b; Peters et al. 1989; Van der Steen et al. 1989; Peters 1994; Secuianu et al.
2007). For these binary mixtures, three hydrocarbon phases have been observed at extremely low
temperature (close to critical temperature of methane) to high temperature (close to critical temperature
of butane) as shown in Figure 1.2. Presence of three hydrocarbon phases for ternary mixtures has
been confirmed by Chang et al. (1966), Lin et al. (1977), Hottovy et al. (1981), Hottovy et al. (1982),
Merrill et al. (1983), Llave et al. (1986), Estrera and Luks (1988), Jangkamolkulchal and Luks (1989),
Iwade et al. (1992), and Gregorowicz et al. (1993a, 1993b).

With the presence of the components showing three hydrocarbon-phase behavior in binary or

ternary mixture (described in previous paragraph) in reservoir fluids, three hydrocarbon-phase behavior



is expected from its mixture with solvents. Three hydrocarbon phases have been observed for reservoir
fluids (light oil, heavy oil, bitumens) and solvents mixtures by various researchers (Shelton and
Yarborough 1977; Henry and Metcalfe 1983; Turek et al. 1988; Roper 1989; Sharma et al. 1989;
Okuyiga 1992; Creek and Sheffield 1993; DeRuiter et al. 1994; Mohanty et al. 1995; Godbole et al.
1995, Badamchi-Zadeh et al. 2009; Li et al. 2013) in temperature range of 291 K to 316 K. Multiphase
behavior (humber of hydrocarbon phases = 3) at very high temperature (<613 K) has been observed by
Zou et al. (2007) for Athabasca Vacuum Bottom and pentane mixture.

Discussions in previous paragraphs indicate presence of three hydrocarbon phases during oil
recovery with gas injection in practical reservoir temperature ranges. These multiple hydrocarbon
phases present complex recovery mechanism as they have different mobility and inter-phase miscibility
conditions. Miscibility in presence of three hydrocarbon phases may not be like two hydrocarbon phase
miscibility where miscibility is achieved by merging of liquid and vapor phase. Experimental studies
(Shelton and Yarborough 1977; Henry and Metcalfe 1983; Okuyiga 1992; Creek and Sheffield 1993;
DeRuiter et al. 1994; Mohanty et al. 1995) have confirmed efficient oil recoveries when two or more than
two hydrocarbon phases are present in the solvent and oil mixture.

Oil recovery amounting to 90+5% has been experimentally observed with CO:2 or rich gases as
injectant gas (Shelton and Yarborough 1977; Creek and Sheffield 1993). Similar experimental
observation was made in case of displacement of the West Sak oil with gas mixture (methane, ethane,
propane, and butane). Unlike two hydrocarbon phase oil recovery where oil recovery is monotonic
function of dilution i.e. recovery decreasing with increasing dilution, researchers such as Okuyiga (1992),
DeRuiter et al. (1994), and Mohanty et al. (1995) observed non-monotonic oil recovery with increased
methane dilution in the injection gas (Figure 1.3). They observed 93% recovery at 1.2 pore volume of
injection gas with 62% methane, whereas recovery was 85% for injection gas with 51% methane.

Mohanty et al. (1995) explained the non-monotonicity of oil recovery on the degree of closeness of
density/composition of the L2 phase with V phase and with L1 phase on upstream and downstream of
the three-phase respectively. The study by Okuno and Xu (2014) has shown high displacement
efficiency in the presence of three hydrocarbon phases, when composition path approached to critical
end points of oil and solvent mixture. The local displacement efficiency depends on the components’
redistribution in the transition zone between two phases and three phases (upstream and downstream
of three-phase). For efficient displacement of oil, L2 and V phases from three-phases should merge with
non-oleic phase on upstream side, and L2 phase on downstream side should appear from oleic phase.

Experimental and analytical studies on three hydrocarbon phases and non-monotonic oil recovery,
discussed in previous paragraphs, indicate to potential use of those understandings for more efficient
oil recovery from in-situ three hydrocarbon phases’ flow conditions with proper design and simulation of
partially miscible gas injection process. Simulation of oil recovery from the miscible gas injection in
presence of two/three hydrocarbon phases is function of two important parts: phase behavior and flow

behavior. Phase behavior, which determines the miscibility of injectant fluid with the reservoir fluid at a



given pressure-temperature conditions, is function of fluid characterization, whereas flow behavior
depends on the properties of flow medium. Phase behavior for a given overall composition at a given
pressure-temperature condition determines some key information, such as number of phases, and
composition and amount of these phases. Combination of phase and flow behavior makes the
simulation of oil recovery complex, as overall composition becomes function of time and location
between injector and producer.

Simulating correct number of phases, their composition and volumes is important for a reliable
recovery simulation. Commonly used commercial simulators do not allow more than two hydrocarbon
phases (liquid and vapor). Although, presence of three phases depends on temperature-pressure
conditions, and asymmetric nature of injection gas and reservoir hydrocarbons; ruling out the possibility
of presence of three phases during dynamic miscibility process can lead to unreliable hydrocarbon
recovery simulation. Khan (1992) has shown the difference between simulated recoveries from two-
phase and three-phase simulators. Experimental data can be helpful to some extent but it may not be
possible to conduct experiments at all possible temperature-pressure points and compositions that may
appear during miscibility process as overall composition along the composition path from injection to
production point keeps on changing with time and place.

A reliable and robust reservoir fluid characterization is therefore, needed to simulate the number of
phases, its compositional and volumetric properties in the miscible or partially miscible displacement
process correctly. The subject of the present research is the reservoir fluid characterization, where
issues related to conventional characterization approaches are discussed and resolved by proposing a

new characterization algorithm for reliable multiphase behavior simulation.

1.2. Conventional Characterization Methods for Reservoir Fluids
Characterization of reservoir hydrocarbons is the process of representing reservoir hydrocarbons

compounds by a suitable number of pure, lumped and/or pseudocomponents and assigning them with

suitable EOS parameters so that EOS simulated phase behaviors match with experiments satisfactorily.

Reservoir fluids are characterized using conventional approaches (Pedersen and Christensen 2007)

with cubic equations of states (EOS) in commercial simulators, because of their simplicity and accuracy.

Commonly used two-parameter cubic equations of state are PR EOS (Peng and Robinson 1976, 78),

SRK EOS (Soave 1982). A typical characterization process consists of four main steps (Whitson and

Brulé 2000; Pedersen and Christensen 2007) as follows:

Step 1. Estimation of a molar distribution with respect to molecular weight (MW) or carbon number
(CN) to split the plus fraction into detailed components.

Step 2. Estimation of properties for the detailed components such as critical temperature (Tc), critical
pressure (Pc), critical volume (Vc), acentric factor (w), and volume-shift parameters (Peneloux
et al. 1982).

Step 3. Grouping of the detailed components into fewer pseudocomponents.

Step 4. Regression of pseudocomponents’ properties to match experimental data available.
4



At step 1, a probability distribution function is fitted to the composition analysis data available to split
plus fractions. Gamma distribution (Whitson 1983) is the most general form of probability distribution
function, its other commonly used forms are chi-square (Quifiones-Cisneros et al. 2003), logarithmic
(Pedersen et al. 1983, 1984).

Step 2 uses correlations to estimate critical properties and acentric factors of the split components.
These correlations include Edmister (1958), Cavett (1962), Lee and Kesler (1975), Kesler and Lee
(1976), Twu (1984), Riazi and Daubert (1980, 1987), Riazi and Al-Sahhaf (1996), and Korsten (2000).
The correlations of Pedersen et al. (1989, 1992, 2004), and Kredjbjerg and Pedersen (2006) are
functions of MW and density at atmospheric conditions, which are in turn functions of CN. These
correlations are developed for an EOS to reproduce vapor pressures and the critical point for the
pseudocomponent of a given CN. However, the PR and SRK EOSs with these correlations cannot
accurately model densities of heavy hydrocarbons unless volume-shift parameters (Peneloux et al.
1982; Jhaveri and Youngren 1988) are used. Volume shift parameters are assigned to single carbon
number fractions at this step.

Step 3 reduces the number of components used in the fluid model and calculates properties of each
pseudocomponent by averaging over its member components. Use of fewer components can make
EOS calculations more efficient, but it may also result in erroneous predictions of phase behavior due
to reduced dimensionality in composition space. Grouping procedures in the literature include the ones
of Pedersen et al. (1984), and Whitson and Brulé (2000). The former uses the equal mass grouping
with mass-weighted averaging of properties, while the latter uses the equal mole grouping with mole-
weighted averaging. Alternately, probability distribution functions are used to create desired number of
pseudocomponents directly, in which case lumping is not required; for such approaches step 3 is not
relevant.

Step 4 is often needed because each of steps 1-3 has certain assumptions resulting in deviations
of predictions from actual phase behavior. Hence, parameters such as Tc, Pc, w, constant terms of the
attraction and covolume parameters of a cubic EOS (Qa and Qb), volume-shift parameters, and binary
interaction parameters (BIPs) for pseudocomponents are regressed either manually or semi-
automatically. These adjustment parameters offer flexibility that may be required to match various types
of PVT data such as saturation pressure, constant mass expansion, constant volume depletion,
differential liberation, separator tests, swelling tests, minimum miscibility pressures, and viscosity data.
Manual approach of regression for conventional oil characterization is discussed in detail in Whitson
and Brulé (2000), and Pedersen and Christensen (2007). Unlike manual regression in which selection
and amount of adjustment in regression parameters depend of the individual, in automatic regression
(Agarwal et al. 1990) selection of regression parameter is done based on sensitivity of parameters to

the data to be matched, however amount of adjustment is provided manually.



1.3. Issues Related to Conventional Characterization

Conventional characterization methods have been used by various researchers (Nghiem and Li 1986;
Sharma et al. 1989; Negahban and Kremesec 1989; Okuyiga 1992; Khan et al. 1992; Creek and
Sheffield 1993; Reid 1994; Mohanty et al. 1995; Godbole et al. 1995; Guler et al. 2001; Aghbash and
Ahmadi 2012) to develop EOS models to predict three hydrocarbon phases behavior for solvent-
injection cases for numerical simulation of hydrocarbon recovery. Two important observations can be
made from these approaches. First, these approaches were same as approaches for fluid
characterization for liquid-vapor phase behavior predictions, except for data type and amount of data
used in regression. This indicates that conventional approaches may not reliable for three-phase
behavior prediction if three-phase data are not used in regression. Second, these characterization
procedures were specific to the fluids studied and may not be applied to different fluid or fluid type; for
example, a characterization approach used for heavy oil may not be used for another heavy oil or a gas
condensate. These observations indicate to some fundamental issues with the conventional
characterization that need to be identified and resolved. Issues related to conventional characterization
can broadly be categorized in two sub-sections as shown below.

(1) Algorithm: Conventional characterization methods lack reliable framework, as there are no well-
defined and justified guidelines for estimation of default values for EOS parameters, selection of
regression parameters and approaches for adjustment of the selected regression parameters.
These issues are explained in the following paragraphs.

e Estimation of Default Values for EOS Parameters: Default values are starting values for EOS
parameters such as Tc, Pc, w, binary interaction parameters (BIPs), volume shift parameters.
The default values for parameters are estimated using several correlations as enumerated at
step 2 of conventional characterization methods for reservoir fluids. Commonly used
correlations to estimate critical properties of single carbon number fractions are empirical in
nature and are functions of experimentally measurable physical parameters such as boiling
point (Tb), specific gravity (y) or molecular weight. These correlations represent different trends
of parameters with carbon number. Rodriguez and Hamouda (2010) have shown different
trends of parameters, such as molecular weight, Tv, Tc, Pc, w, and y, with carbon number
estimated from different correlations.

Some correlations are fluid type specific and number of phases specific, for example:
Pedersen et al. (2002) used in PVTsim (2011), Pedersen et al. (2002), Krejbjerg, and Petersen
(2006) present correlations for normal oils, highly aromatic fluids, and heavy oils respectively.
However, in the absence of any universal approach for identifying boundaries separating
different fluid types, and lack of continuity of such correlations at the boundaries, it is difficult to
make selection of correlations for a given fluid. Pedersen et al. (2006) provide two sets of

correlations, one for simulating L-V type phase behavior and other to simulate Li-L2-V type



phase behavior. Application of these correlations is subject to availability of experimental phase
behavior data in larger P-T-x space.

In absence of any justifiable guideline, the issue of different default values from different
correlations presents difficult task of selecting a suitable correlation.

o Selection of Regression Parameters: Conventional characterization has several potential
regression parameters such as Tc, Pc, w, Qa, Qb, BIPs and volume shift parameters. Selection
criteria for regression parameters are not known; hence, set of selected regression parameters
is subjective and may vary from user to user.

e Regression: After selection of regression parameter, next important issue relates to order,
direction, and amount of regression. Order of regression determines the order in which different
parameters are to be regressed. The direction of regression indicates increase or decrease in
the regression parameter and amount of regression determines the amount of adjustment.

Conventional characterization does not provide well-defined and justified guidelines and leaves
these aspects for individuals to decide. Hence, conventional characterization can result in multiple EOS
models that have similar correlative capabilities at P-T-x points represented by data used in regression,
but different predictive capabilities at other P-T-x points.

An example to demonstrate the issues related to the selection of regression parameters and
regression approach is presented in Figure 1-4. The composition of fluid F2 and other experimental
data presented in Jaubert et al. (2002) are used in this example. The fluid is characterized using the
conventional characterization with the PR EOS (1976,1978) in PVTsim (2011). The heptane plus fraction
of the fluid split into four pseudocomponents using a logarithmic distribution function (Pedersen et al.
1983, 1984). The saturation pressure of this fluid is 117.70 bars at 372.05 K. Starting with the same
default Tc, Pc, and w for pseudocomponents, the saturation pressure was matched by adjusting different
sets of regression parameters. The BIPs used are default values in PVTsim, and they are not adjusted
for matching the saturation pressure. Hydrocarbon-hydrocarbon BIPs are zero. The BIPs for Na-
hydrocarbons, CO2-hydrocarbons, and N2-CO: are fixed to be non-zero values. They are -0.017 for N2-
CO2, 0.0311 for N2-C+, 0.0515 for N2-C2, 0.0852 for N2-Cs3, 0.08 for N2-C4, 0.1 for N2-Cs, 0.08 for N2-Ci,
where i 2 6, 0.12 for CO2-Cj, where 1 <j <6, and 0.1 for CO2-pseudo-components.

Four different sets of regression parameters were considered for adjustment, each resulting in a PR
EOS model. Regression was carefully performed to maintain the physical trend of EOS parameters with
molecular weight of pseudocomponents. The EOS parameters for these models are listed in Tables
11, 1.2, 1.3, and 1.4. Figure 1-4 shows the P-T phase envelopes from four different EOS models
(shown as EOS model 1, 2,3, and 4). It also shows the P-T phase envelope from the EOS model with
pseudocomponents having default values for EOS parameters. From the figure, it is evident that all
EOS models have same prediction at the temperature 372.05 K; however, at different temperature
points, predictions in P-T space are different for different EOS models. Even though all EOS models at

372.05 K have the same pressure prediction, they have different predictions in pressure-composition



space. Minimum miscibility pressure (MMP) calculations are performed using all EOS models with an
injection gas (mole fractions for components N2, CO2, CH4, C2Hs, C3sHs, C4H10, CsH12, and CeH14 are
0.005, 0.050, 0.0582, 0.171, 0.120, 0.050, 0.017, and 0.005, respectively) at 372.05 K. The MMPs from
EOS models 1, 2, and 3 are 322.10 bars, 274.15 bars, and 295.80 bars, respectively. The MMP
calculation for EOS model 4 could not be not done due to the presence of three hydrocarbon phases.
The slim-tube MMP measured for the fluid is 235 bars, which shows that none of the EOS models are
reliable in P-x space at the temperature.
(2) Binary Interaction Parameters:
For multi-phase fluid characterization, BIP plays significant role in conventional characterization as
it controls attraction parameters (Kredjbjerg and Pedersen 2006). However, conventional
characterization does not have systematic approach to develop BIPs for multiphase behavior
simulation. Reliability and robustness of BIPs depend on two important aspects, (i) the default BIP
values, and (ii), the approach of regression to match data.

Conventionally, default values of BIPs are estimated with correlations that are functions of
critical volume (Chueh and Prausnitz 1967) or critical temperatures (Gao et al. 1992) of components,
and then indexes in these expressions used as regression parameters to match the experimental
data. These correlations were developed for L-V phase behavior predictions, but later were used
for multiphase behavior fluid characterization without modification. The approach of achieving
default BIPs does not appear to be reliable and robust as the default BIPs do not conform to basic
phase behavior expected for solvent and component mixture.

Regression of default BIPs is arbitrary and subjective in absence of well-defined guidelines on
binary interaction parameter regression. This presents difficult task of selection of components’
pairs for BIP regression, order of regression and amount of regression; practically there is no
restriction on these aspects. Approaches adopted to adjust binary interaction parameters are
guided by immediate objective of matching the available data ignoring the impact of such BIPs in P-
T-x space. This necessitates use of multiphase behavior data at regression step of EOS model
development for simulation of multiphase behavior; however, such EOS models may not be reliable
in P-T-x space other than that represented by data used in regression.

These issues listed in previous paragraphs

1.4. Problem Statement
Issues related to conventional characterization methods were discussed in the previous section in
details. In this section, those issues in context of defining research objectives are summarised as
problem statement.

Multiphase behavior simulation using conventional characterization with PR EOS may not be
reliable and robust for numerical simulation of hydrocarbon recovery with gas injection process.
Conventional characterization correlates the EOS parameters to the data in limited P-T-x space with

unsystematic algorithm and unreliable approach for BIP development. Three-phase behavior prediction
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may not be reliable from EOS model developed using two-phase data. These fundamental issues may
render the EOS models unreliable in the P-T-x space other than that defined by the data used in the
regression. The EOS model developed from conventional characterization is fluid or fluid type or
number of phases specific, and subjective. Although, composition space for reservoir fluids is
continuous, conventional characterization lacks the capability of characterizing fluid irrespective of fluid

type or number of phases.

1.5. Research Objectives

In order to address the issues with the conventional characterization, this research aim to find a new

method for reservoir fluid characterization with following features:

1. Compatible with Peng and Robinson (1976, 1978) EOS and van der Waals mixing rule. Although
there are several modifications to the attraction and covolume parameters of the PR EQOS, the
original PR EOS (1976, 78) is used without any modification throughout this research. This is to
facilitate easy implementation in PVT and hydrocarbon recovery simulators.

2. The characterization method should be applicable to hydrocarbon system irrespective of reservoir
fluid types such as gas condensates, volatile oils, normal oils, heavy oils, bitumens.

3. Characterization method should be systematic with well-defined and physically justifiable initial
values and search direction for regression parameters. The algorithm of EOS parameters
optimization should be simple, robust, and reliable.

4. Binary interaction parameters used should be reliable for multiple hydrocarbon phase prediction for
mixture of solvent and hydrocarbon system.

5. The EOS model should be capable of reliable multiphase PVT simulation using minimum amount
of phase behavior data such as composition of fluid, saturation pressure and density at reservoir

temperature.

1.6. Structure of the Thesis

This is paper-based thesis, which presents the research work in four published journal papers and two
under review papers. Introduction, problem statement, and objective of the research on the title of the
thesis were presented in the introduction section. Each paper has its own literature search, research
objective, research, discussion, conclusion, nomenclature, and references as part of research on title of
the thesis. Understanding of organization of thesis is made easier by presenting fundamental of
research in following three paragraphs.

As outlined in research objective, for systematic characterization of reservoir fluid, default values of
EOS parameters for pseudocomponents need to be well defined. Normal alkanes, among the three
prominent hydrocarbon groups i.e. paraffins, naphthenes, and aromatics, has well-defined homologous
series and has lowest critical temperature and pressure for same carbon number hydrocarbons. This
also means that the lowest value, a single carbon fractions of a reservoir fluid can have, is its n-alkane

equivalent critical parameters. Hence, PT phase envelope for a mixture of a light n-alkane with a
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pseudocomponent changes systematically with its aromatic conent, as demonstrated in Figure 1-5.
Vapor pressure curves for propane and carbon-number-16 components (n-alkane C1sH3s and aromatic
C1sH10) are shown in this figure. The PT phase envelopes for the equimolar mixture of propane and a
pseudocomponent (with carbon number 16) are shown in the figure. The pseudocomponent is assumed
to be a mixture of n-C1sHs4 and C1sH10; different cases of aromatic contents (i.e., 0, 10, 40, 50, 80 and
100%) in the pseudocomponent are considered to create PT phase envelopes. A systematic change in
the phase envelope with the aromatic content is clearly observed. The phase envelope corresponding
to the case when the pseudocomponent is totally n-alkane (i.e., 0% aromatic component) is the inner
most phase envelope. The phase envelope expands with increasing aromatic content for the
pseudocomponent. This indicates that PT phase envelope for a reservoir fluid with all of heptane plus
fractions assumed as n-alkanes may be considered as the limiting phase envelope, and actual phase
envelope of the reservoir fluid should be outside this. In this research, pseudocomponents of reservoir
fluids are first assigned n-alkane equivalent critical parameters and then higher critical parameters for
each pseudocomponent are searched that can match the experimental data such as saturation
pressure. This approach of characterization is named as perturbation from n-alkanes (PnA).

Kelser et al. (1979), Twu (1984), and Nji (2008, 2009) have presented perturbation from n-alkane
based correlations to estimate Tc, Pc, and w for pseudocomponents as function of perturbation
parameters; these perturbation parameters were themselves functions of other parameters such as
boiling point, specific gravity, molecular weight. Perturbation parameters as adjustable parameters to
optimize critical pressure for pseudocomponents was used by Quifiones-Cisneros et al. (2003);
however, their objective was limited to estimating PR EOS attraction and covolume parameters for use
in their friction theory based viscosity model. In this research, PnA approach treats perturbation
parameters as adjustable parameters for all PR EOS parameters to characterize reservoir fluid to
simulate multiphase behavior for reservoir fluids.

The PnA method is applied to characterize reservoir fluid in two ways, with/without use of volume
shift parameter. When volume shift parameters are not used, saturation pressure and density, both data
are matched by regression of PR EOS; this has been used in papers presented in Chapter 2 to 6. In
Chapter 7, PnA method is applied to characterize reservoir fluids by matching saturation pressure by
regressing on PR EOS parameter and density data is matched by regressing on volume shift
parameters; however, this approach requires well-designed binary interaction parameters for three
hydrocarbon-phase predictions. All the journal papers support the reliability and efficiency of the PnA
method for multi-phase reservoir fluid characterization. Table 1.5 presents the arrangement of different
papers in the thesis.

Chapter 2: This chapter presents the content of first published paper on component level
characterization for n-alkane homologous group. Critical temperature, critical pressure, and acentric
factor for n-alkanes from n-C7 to n-C1o00 are optimized for Peng-Robinson EOS to match vapor pressure

and density data. These optimized parameters are used to estimate n-alkane equivalent (i.e.
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pseudocomponents as 100% n-alkanes) PR EOS parameters for pseudocomponents in perturbation
from n-alkane (PnA) approach of reservoir fluid characterization presented in Chapter 3 to 6.

Chapter 3: The PnA approach in this research for the first time is applied mainly to heavy oils for
multiphase behavior prediction for solvent injection process. This chapter presents the paper where
algorithm has been developed for regression of EOS parameters (Tc, Pc, and w) to match saturation
pressure and density data. Resulting EOS model is then used to predict phase behavior for oils. This
paper also presents difference in phase behavior predictions from EOS models developed with/without
volume shift parameters.

Chapter 4: The paper presented in Chapter 3 has limited application of PnA method to heavy oils.
Content of the Chapter 4 presents the application of PnA characterization for reservoir fluids in general
including gas condensates, volatile oils, light oils, and heavy oils. The algorithm used in Chapter 3 is
special case of algorithm used for regression of EOS parameters (Tc, Pc, and w) in Chapter 4. Wherever
data are available for comparison, the PnA method has been validated by predicting three hydrocarbon
phases for heavy oils.

Chapter 5: Attraction and covolume parameters are basic units of a cubic EOS. Using attraction and
covolume parameters as regression parameters can simplify the regression algorithm and reduce the
computation time by virtue of small number of regression parameters. Numerical simulation efficiency
can improve by characterizing fluids in terms of attraction and covolume parameters for components.
Chapter 5 presents the PnA method for characterization of reservoir fluids including gas condensates,
volatile oils, light oils, and heavy oils using a new algorithm for regression of PR EOS attraction and
covolume parameters for saturation pressure and density data match.

Chapter 6: This chapter presents the characterization of bitumen by regression of PR EOS attraction
and covolume parameters. The algorithm presented in Chapter 5 is simplified further for bitumen
characterization. This algorithm successfully characterizes bitumen as single pseudocomponent, which
has similar predictive capability as multiple pseudocomponent conventional characterization. The paper
develops a mechanism, which is to be used before running the simulation, to estimate the sensitivity of
recovery simulation to bitumen characterization methods. This helps in selecting reliable and efficient
characterization method for simulation.

Chapter 7: The chapter uses PnA method of reservoir fluid characterization where saturation pressure
is matched by regression of EOS parameters (Tc, Pc, and w) and density matching is done by volume
shift parameters. The approach uses well-developed binary interaction parameter for multiphase
behavior prediction. The method has been validated by successful prediction of multiphase behavior
for 90 reservoir fluids including gas condensates, volatile oils, light oils, heavy oils, and bitumens.
Chapter 8: This chapter presents an overview of the research activities presented in Chapter 2-7 in
context of research objective. Conclusion and recommendation for future research are also presented

in this chapter.
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Figure 1-1. Trend of different enhanced oil recovery (EOR) projects (miscible, thermal, immiscible,
chemical and microbial).
The data are from Moritis (2010) and Koottungal (2012, 2014).
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Figure 1-2. Temperature ranges for three hydrocarbon phases’ presence for binary mixtures and for
solvent and reservoir fluid mixture.

Solid curves depict the vapor pressure curves for carbon-dioxide, methane, propane, and butane. Upper
Critical End Point (UCEP) where L2 phase merges with vapor in presence L1 and Lower Critical End
Point (LCEP) where two liquid phases (L1 and L2) merge in presence of vapor phase form the upper and
lower bounds of three-phase region in pressure-temperature space. Absence of LCEP in some cases
(CO2) for binary mixture indicates continuity of three-phase with decreasing temperature. Three-phase
temperatures for binary mixtures for CO2, C2Hs, CsHs, and CsH1o with n-alkanes are close to their
respective critical temperature points. Temperature range for three hydrocarbon phases shown by
arrow is for reservoir hydrocarbon and solvent mixture.
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Figure 1-3. Non-monotonic trend for oil recovery from slim tube experiment (Mohanty et al. 1995) for
the West Sak ail.

The oil is displaced by gas mixture of methane, ethane, propane, and butane at 291.50 K. Seven gas
mixtures with different methane mole % (0, 32, 42, 51, 62, 70, and 80) are used in the slim tube oil
displacement. The phase behavior observed in the slim tube for oil and gas mixture changes from first
contact miscible at 0% methane gas mixture to multicontact miscible to three-phase immiscible to two
phase immiscible with increasing methane concentration in the injection gas. Monotonic recovery is

observed for reservoir oil and gas system with presence of two hydrocarbon phases. Non-monotonicity
is accounted for the presence of three hydrocarbon phases.
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Figure 1-4. Comparison of PT envelopes from four PR EOS models developed using conventional
characterization.
All the EOS models have same predictive capability at data point (saturation pressure used to regress

Tc, Pc, and w); however, they have different predictions at other pressure-temperature points.
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Figure 1-5. Systematic change in PT phase envelope with increasing aromatic contents in
pseudocomponents.
Pseudocomponent has carbon number of 16 and is assumed be binary mixture of n-alkane (C1sHs4) and

aromatic (C1eH10) components. The PT phase envelope is for equimolar binary mixture of propane and
pseudocomponent. Percentage on PT phase envelope shows the mole % of aromatic content in
pseudocomponent.
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Table 1.1: PR EOS model 1 from conventional characterization.

Components Z MW Tc Pc w
(g/mol) (K)  (bars)
N 0.0020 28.01 126.20 33.94 0.0400
CO; 0.0134 44.01 304.20 73.76 0.2250
CH, 0.2364 16.04 190.60 46.00 0.0080
C2Hs 0.0856 30.07 305.40 48.84 0.0980
CsHs 0.0668 44.10 369.80 42.46 0.1520
C4H1o 0.0530 58.12 425.20 38.00 0.1930
CsH12 0.0445 72.15 469.60 33.74 0.2510
CeH1s 0.0403 86.18 507.40 29.69 0.2960
PC-1 0.2214 135.61 680.11 23.09 0.4843
PC-2 0.1146 250.30 833.78 16.04 0.7892
PC-3 0.0772 381.17 977.11 13.62 1.0364
PC-4 0.0448 634.24 1231.07 12.02 1.0276

Table 1.2: PR EOS model 2 from conventional characterization.

Components Z MW Tc Pc w
(g/mol) (K)  (bars)
N, 0.0020 28.01 126.20 33.94 0.0400
CO, 0.0134 44.01 304.20 73.76 0.2250
CH,4 0.2364 16.04 190.60 46.00 0.0080
C:Hs 0.0856 30.07 305.40 48.84 0.0980
CsHs 0.0668 44.10 369.80 42.46 0.1520
CsH1o 0.0530 58.12 42520 38.00 0.1930
CsHiz 0.0445 72.15 469.60 33.74 0.2510
CeHig 0.0403 86.18 507.40 29.69 0.2960
PC-1 0.2214 135.61 611.45 26.18 0.4843
PC-2 0.1146 250.30 749.60 18.19 0.7892
PC-3 0.0772 381.17 878.47 15.44 1.0364
PC-4 0.0448 634.24 1106.78 13.63 1.0276
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Table 1.3: PR EOS model 3 from conventional characterization.

Components Z MW Tc Pc w
(g/mol) (K)  (bars)
N 0.0020 28.01 126.200 33.94 0.0400
CO; 0.0134 44.01 304.200 73.76 0.2250
CH, 0.2364 16.04 190.600 46.00 0.0080
C2Hs 0.0856 30.07 305.400 48.84 0.0980
CsHs 0.0668 44.10 369.800 42.46 0.1520
C4H1o 0.0530 58.12 425.200 38.00 0.1930
CsH12 0.0445 72.15 469.600 33.74 0.2510
CeH1s 0.0403 86.18 507.400 29.69 0.2960
PC-1 0.2214 135.61 642.024 24.66 0.4843
PC-2 0.1146 250.30 787.081 17.13 0.7892
PC-3 0.0772 381.17 922.390 14.54 1.0364
PC-4 0.0448 634.24  1162.119 12.83 1.0276

Table 1.4: PR EOS model 4 from conventional characterization.

Components Z MW Tc Pc w
(g/mol) (K)  (bars)
N, 0.0020 28.01 126.20 33.94 0.0400
CO, 0.0134 44.01 304.20 73.76 0.2250
CH,4 0.2364 16.04 190.60 46.00 0.0080
C:Hs 0.0856 30.07 305.40 48.84 0.0980
CsHs 0.0668 44.10 369.80 42.46 0.1520
CsH1o 0.0530 58.12 42520 38.00 0.1930
CsHiz 0.0445 72.15 469.60 33.74 0.2510
CeHig 0.0403 86.18 507.40 29.69 0.2960
PC-1 0.2214 135.61 611.45 23.09 0.4843
PC-2 0.1146 250.30 749.60 16.04 0.7892
PC-3 0.0772 381.17 993.90 13.62 1.0364
PC-4 0.0448 634.24 1502.66 12.02 1.0276
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Table 1.5. Organisation of papers as chapters and features of papers

Chapter

No. Title Features

1 Introduction

2 Critical Parameters Optimized for Accurate Phase [1] Optimization of T¢, Pc, and w for homologous
Behavior Modeling for Heavy n-Alkanes up to Cigo series of n-alkanes up to Cio to match
using the Peng-Robinson Equation of State. saturation pressure and density data.
(Published in Fluid Phase Equilibria) [2] Volume shift not used to match density.

3 Reservoir  Oil Characterization for compositional [1] Characterization of oils for by direct
Simulation of Solvent Injection Processes perturbation of T¢, Pc, and w.

(Published in Industrial and Engineering Chemistry [2] Three regression parameters.
Research) [3] Volume shift not used for density match.

[4] Comparison of phase behavior predictions
and simulated oil recoveries for oil
characterized with and without using volume
shift parameters.

4 Characterization of Reservoir Fluids using an EOS based [1] Characterization of reservoir fluids such as
on Perturbation from n-Alkanes gas condensates, volatile oil, light oils, heavy
(Published in Fluid Phase Equilibria) oils by direct perturbation of T¢, Pc, and w).

[2] Three regression parameters.

[3] Volume shift not used for density match.

5 Direct Perturbation of the Peng-Robinson Attraction and [1] Characterization of reservoir fluids such as
Covolume Parameters for Reservoir Fluid gas condensates, volatile oil, light oils, heavy
Characterization oils by direct perturbation of attraction and
(Published in Chemical Engineering Science) covolume parameters

[2] Two regression parameters

[3] Volume shift not used for density match.

6 Systematic  Characterization of  Bitumen-Solvent [1] Characterization of bitumens by direct
Interactions in Steam-Solvent Coinjection perturbation of attraction and covolume
Simulation parameters
(Submitted to Fuel) [2] Two regression parameters

[3] Volume shift not used for density match

[4] Mechanism is developed to study the
sensitivity of simulation to  bitumen
characterization.

7 A New Algorithm for Multiphase Fluid Characterization for [1] Reservoir fluid such as gas condensate,
Solvent Injection. volatile oils, light oil, heavy oil, bitumen by
(Submitted to Society of Petroleum Engineering Journal) direct perturbation of T¢, Pc, and w.

[2] Single regression parameter

[3] BIPs developed for three hydrocarbon phase
predictions.

[4] Volume shift used for density match.

8 Conclusion and Future Research
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Chapter 2: Critical Parameters Optimized for Accurate Phase Behavior Modeling
for Heavy n-Alkanes up to C100 using the Peng-Robinson Equation of State
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2.1. Introduction

Cubic equations of state (EOSs) are widely used in the petroleum industry to model volumetric and
compositional phase behavior of petroleum reservoir fluids. Since the original research of van der Waals
0 in 1873, many cubic EOSs have been developed including the Peng-Robinson (PR) EOS (Peng and
Robinson 1976; 1978) and the Soave-Redlich-Kwong (SRK) EOS (Soave 1972). These cubic EOSs are
used in compositional reservoir simulation to design enhanced oil recovery (EOR) using solvents. With
recent advances in the EOS compositional reservoir simulation technology, it is now possible to robustly
simulate complex gas/COz: injection processes that involve critical endpoint behavior (Okuno et al.
2011).

Reliable predictions of EOR wusing compositional reservoir simulation require accurate
characterization of reservoir fluids using a cubic EOS. Such characterization methods have been
developed, and implemented in commercial software for conventional oils (Pedersen et al. 1992; Neau
and Jaubert 1993; PVTsim 2011; Riazi 2005; Pedersen and Christensen 2007; Whitson and Brule
2000). Characterization of heavy oils using an EOS, however, is more difficult than that of conventional
oils. Firstly, compositions of heavy oils are highly uncertain in terms of the concentration of each carbon
number (CN) group and the paraffins-naphthenes-aromatics (PNA) distribution within each CN group.
Secondly, critical parameters required in EOS fluid characterization are unknown for hydrocarbons
heavier than tetracosane, n-Cz4 (Ambrose and Tsonopoulos 1995). Thirdly, accurate prediction of heavy
oil densities is difficult using two-parameter cubic EOSs with a constant critical compressibility factor
such as the PR and SRK EOSs (Peng and Robinson 1976, 1978; Soave 1972). A cubic EOS with more
than two parameters can improve density predictions for heavy oils (Klara and Hemanth-Kumar 1987),
but at the expense of computational efficiency.

In the literature, a few different sets of correlations were proposed for critical temperature (Tc),
critical pressure (Pc), and acentric factor (w) extrapolated for hydrocarbons heavier than Cz24 (Voulgaris
et al. 1991; Rodriguez and Hamouda 2008). These correlations, however, were developed based on
reservoir oil samples, and do not explicitly account for effects of the PNA distribution on critical
parameters. Since a heavier CN group can contain a wider variety of compounds, more uncertainties
in phase behavior predictions arise when such generic correlations are used for heavy oil
characterization.

Cubic EOSs are incapable of accurate prediction of densities and vapor pressures for heavy
hydrocarbons even when accurate critical parameters are known and used. The volume shift approach
of Péneloux et al. (1982) (Jhaveri and Youngren (1988) for the PR EQS) is widely used to improve
density predictions with cubic EOSs. The volume shift approach, however, does not improve
compositional phase behavior predictions. Use of volume shift in EOS fluid characterization can cause
erroneous oil recovery predictions in simulation of miscible gas injection, where mass transfer among
phases is significant (Kumar and Okuno 2014).

Another approach for improving the PR EOS is to modify the alpha function (Mathias 1983; Stryjek
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and Vera 1986; Melhem et al. 1989; Li and Yang 2011; Nji et al. 2008, 2009). These modified alpha
functions can improve vapor pressure predictions for heavy hydrocarbons. However, they change the
functional form of the PR EOS, which does not allow for direct application with commercial reservoir
simulators.

Ting et al. (2003) and Voutsas et al. (2006) fitted the critical parameters for the PR EOS to density
and vapor pressure predictions for selected hydrocarbons and their binary mixtures. They considered
n-alkanes C1, Cz2, Cs, C4, Cs, C7, C10, C16, C1s, C20, C24, Cs0, Css, and Cao for their critical parameter
optimization. They presented that the PR EOS with the fitted critical parameters exhibits accurate phase
behavior predictions for the fluids studied. This approach keeps the functional form of the PR EOS, and
minimizes use of volume shift. However, no attempt has been made to optimize the critical parameters
for the PR EOS for a wide CN range that is common for reservoir oils.

In this research, we develop optimized values and new correlations for Tc, Pc, and w for accurate
phase behavior predictions for heavy n-alkanes up to Ci00 using the PR EOS. Our development is
focused on a homologous series of n-alkanes mainly because more data are available for n-alkanes
than for the other types of hydrocarbons. For characterization of actual oils, the effects of N and A
components on phase behavior predictions can be considered by perturbations from n-alkanes’ critical
parameters as proposed by Quifiones-Cisneros et al. (2003).

The subsequent sections present our development of optimized Tc, Pc, and w along with
experimental data used. We then develop new correlations based on the optimized values for Tc, Pc,
and w. The new set of critical parameters is used to demonstrate improved predictions of densities and
vapor pressures of n-alkanes and their mixtures. We also present application of the optimum critical

parameters for characterizing 25 different reservoir oils.

2.2. Optimization of Critical Parameters
The PR EOS is one of the most widely used cubic EOSs in the petroleum industry. It uses two

parameters as given below in Equations 2-1 to 2-5.

RT aca(T)

p= v—b  vZ+2bv—b2? (2-1)
where a, = 0457235529 &1 (2-2)
c
N
Ja = [1 +m (1 -(3) )] (2-3)
m = 0.37464 + 1.542260 — 02699202 for ® < 0.49 (2-4)
m = 0.379642 + 1.485030 — 0.16442302 + 0.016666w® for ® = 0.49 (2-5)

Equations 2-4 and 2-5 indicate that the m(w) function is one-to-one as shown in Figure 2-1; i.e., a
given positive real value for w results in a unique value for m, and vice versa. Our optimization is

performed in terms of Tc, Pc, and m. Itis easy to derive w corresponding to an optimized m.
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2.2.1. Experimental Data Used for Optimization

Our optimization uses experimental data for vapor pressure and liquid density of n-alkanes. Table 2-
A1 and 2-A2 summarize the sources and T-P ranges of data used for the optimization. Table 2-1 lists
the n-alkanes for which experimental data are available for liquid densities and vapor pressures, and
data uncertainties for each of the compounds.

Saturated liquid densities estimated in Yaws (2010) are used for n-alkanes that have no liquid
density data available in the literature (Table 2-A1 shows for which n-alkanes the estimations of Yaws
(2010) are used). The estimation of saturated liquid densities is based on a modified form of the Rackett
equation (1970) using four parameters (Daubert et al. 1997). The quality of the estimations in Yaws
(2010) is difficult to judge owing to the lack of experimental data. However, the modified Rackett
equation represents experimental data very well (Poling et al. 2001). Poling et al. (2001) recommended
the modified Rackett equation for estimation of saturated liquid densities.

Vapor pressure data for many n-alkanes are not available in the literature. Therefore, vapor
pressure data for such n-alkanes are supplemented by the correlation of Riazi and AlQaheem (2010)
given by Equation 2-6. This correlation has been developed using updated (Dykyj et al. 1997) vapor
pressure data available for n-alkanes between C7 to C1oo.

InP’* = (a; +a,r +asrd) + (by + byr + bsr?) T2 + (c; + 0T, (2-6)
In Equation 2-6, PP = % and T, = Tlc . Coefficients ai, az, as, b1, bz, b3, ¢1 and cz are given in Table
2-2. The r values for some hydrocarbons between C2 to Cao are available in Riazi (2005). For other
hydrocarbons up to C1oo, the procedure recommended by Riazi and AlQaheem (2010) has been used
to estimate the value for r. Equation 2-6 results in less than 2% deviation in vapor pressure predictions
for the CN range shown in Table 2-2. Table 2-A2 indicates n-alkanes for which the correlation of Riazi
and AlQaheem (2010) is used. For all the n-alkanes considered in our optimization, C7-C100, we ensure

use of vapor pressure data points both for T- < 0.7 and T > 0.7. This is to ensure the accuracy of vapor

pressure predictions around T: of 0.7, which is used in Pitzer’s definition of ® in Equation 2-7.

w = —log;, [PSAT]( -1 (2-7)

Pc I(T _ )
—=07
Tc

2.2.2. Optimization Method
Tc, Pc, and w are optimized considering reduction of
e Average absolute deviations (AAD) in density predictions
e AAD in vapor pressure predictions
e Deviations of Tc and Pc from physical critical points,
while keeping smooth variations of Tc, Pc, and w with respect to molecular weight (MW), and the
consistency with Pitzer’s definition for w, Equation 2-7. The minimization of AADs for both density and

vapor pressure predictions can be challenging. A set of Tc, Pc, and w that gives a minimum for the sum
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of the two types of AADs does not necessarily result in a minimum for each of the AADs. When a
change in Pc decreases AAD in density predictions, it can increase AAD in vapor pressure predictions.
For this reason, our optimization also considers that AAD in vapor pressure predictions should be similar
to that in density predictions.

Minimization of the AADs can have many local minima, and it is unlikely that the global minimum
always exists for this minimization. Smoothness of Tc, Pc, and w with respect to MW is considered
when the minimization needs an additional criterion due to multiple local minima close to each other.

2.2.2.1. Initialization

We optimize Tc¢, Pc, and w using the exhaustive search method, for which initial estimates are provided

using the solver function within the Excel software. The initialization using the Excel solver function

starts with Tc, Pc, and w from the correlations developed for n-alkanes by Gao et al. (2001). Predictions

of vapor pressures and saturated liquid densities are sensitive to Tc and Pc, respectively (Voulgaris et

al. 1991). Therefore, Tc and Pc are primarily used to reduce AADs in vapor pressure and density

predictions. The initialization steps for a given n-alkane are as follows:

Step 1. AAD in vapor pressure predictions is reduced using Tc only.

Step 2. AAD in vapor pressure predictions is reduced using m only. The m parameter is defined in
Equations 2-4 and 2-5.

Step 3. AAD in liquid density predictions is reduced using Pc only.

Step 4. The sum of AADs for vapor pressure and liquid density predictions is reduced using Tc and Pc.

Step 5. The sum of AADs for vapor pressure and liquid density predictions is reduced using Tc, Pc,
and m.

Steps 1-5 are repeated until reduction of the AADs becomes marginal. During the iteration, we
confirm that Tc, Pc, and m with respect to MW are smooth for 94 n-alkanes from C7 through C100. The
values for Tc, Pc, and m that do not follow the smooth trends are replaced with values interpolated
between the neighboring CNs.

The values for Tc and Pc initialized above are generally greater than physical values given in the
literature. For example, the initialized critical point for C1o0 is (Tc, Pc) = (1094.0 K, 4.34 bars), and the
physical critical pointis (Tc, Pc) = (1038.2 K, 2.71 bars) from DECHEMA (see reference). The deviation
from the physical values is reduced in the subsequent optimization using the exhaustive search method.

2.2.2.2. Exhaustive Search for Optimum Tc, Pc, and ®

An algorithm was developed for our optimization using the exhaustive search method. The algorithm
allows for simultaneous adjustment of Tc, Pc, and m, unlike the initialization described in Section 2.2.2.1.

The exhaustive search method defines its search domain to be (-5%, +1%) from the initial value for
Tc and (-8%, +2%) from the initial value for Pc for each n-alkane. This rectangular domain in T-P space
is then discretized into 6,000 grids allowing for a unit change of 0.1% in each of Tc and Pc. We use the
asymmetric search domain with respect to the initial point in T and P directions. This is because we

search for optimum values that are lower than the initial values set in Section 2.2.2.1.
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For each set of Tc and Pc, we calculate m by minimizing AAD in vapor pressure predictions. In this
optimization of m, we consider the consistency with Pitzer's definition of w. For a given set of Tc, Pc,
and m, the PR EOS can provide a saturation pressure at Tr of 0.7 (Psat in Equation 2-7). Equation 2-7
can then give a value for w. However, this w value does not necessarily match another w value that
can be calculated from either Equation 2-4 or 2-5 with the current m value. The consistency is satisfied
when the absolute difference between these two w values becomes smaller than a tolerance (e.g., 10
3).

The resulting set of Tc, Pc, and m is then used to calculate AAD in liquid density predictions. The
AADs in vapor pressure and liquid density predictions are recorded for 6,000 sets of Tc, Pc, and m.
Selection of the optimum set of Tc, Pc, and m for each n-alkane is, in general, based on the total of the
AADs in vapor pressure and liquid density predictions. It is observed that the optimum set results in
vapor pressure and liquid density AADs that are similar to each other. Smooth curves are usually
observed for optimum Tc, Pc, and m with respect to MW. If a set of Tc, Pc, and m that gives the minimum
AADs deviates from the overall trends, it is replaced by another set of Tc, Pc, and m while minimizing
AADs.

2.3. Optimum Tc¢, Pc, m, and ®

The method discussed in Section 2.2 gives Tc, Pc, and m optimized for vapor pressure and liquid density
predictions using the PR EOS for 94 n-alkanes from C7 through Ci00. Optimized values for w are
calculated using Equations 2-4 and 2-5. The final values for Tc, Pc, m, and w are presented in Table
2-B along with Tc, Pc, and w based on the correlations of Gao et al. (2001), which are given in
Equations 2-8 to 2-10.

1
Te = [6573.87 — 4680.77exp(—0.1831(CN*6667 — 2.08) )| 1276 (2-8)
Pc = 42.44exp(—0.3757(CN°5684 — 1.8672)) (2-9)
1
o = [3.212102 — 2.937628exp(—0.04699(CN %67 — 2.08))]oces (2-10)

In the above equations, CN is carbon number. Tc and Pc are in Kelvin and bar, respectively. The
accuracy (AAD) of the above correlations for Tc, Pc, and w is 0.2, 0.8, and 0.4%, respectively, for n-
alkanes from Cs to Cses.

Use of our optimized Tc, Pc, and w with the PR EOS gives significantly improved calculations of
liquid density and vapor pressure for n-alkanes from Cz through C100 as shown in Table 2-A1 and 2-A2
respectively. Using the optimized values, the AAD is 2.8% for 3583 density data points and 1.6% for
1525 vapor pressure data points. These data points include n-alkanes from C7 to C1i00. Figures 2-2
and 2-3 present the comparisons of density and vapor pressure predictions using our optimized Tc, Pc,
and w with those using Equations 2-8 to 2-10. Using the optimized Tc, Pc, and w, AADs for both density
and vapor pressure predictions are consistently small for the wide range of CN from C7 to C100. A reason

for the smaller variation of the AADs for CN greater than 40 is the relatively consistent Tr-Pr ranges and
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sources for the data used (see Table 2-A1 and 2-A2). When Equations 2-8 to 2-10 are used, AADs for
density and vapor pressure predictions increase with CN. The AAD for C10o is 86.9% for density
prediction and 60.9% for vapor pressure prediction when the correlations of Gao et al. (2001), Equations
2-8 to 2-10, are used.

As mentioned before, the objective of our optimization is to develop Tc, Pc, and w that give accurate
phase behavior predictions for n-alkanes up to C100 using the PR EOS. That is, the values for Tc and
Pc presented in Table 2-B are not physical critical points. There are a few different proposals for Tc,
Pc, and w correlations for heavy n-alkanes in the literature. Gao et al. (2001) developed correlations
for Tc, Pc, and w for n-alkanes up to C1o0, which are given in Equations 2-8 to 2-10. Riazi and Al-Sahhaf
(1996) developed their correlations that are recommended for n-alkanes up to C20. Although efforts
have been made to minimize the deviation from physical values in our optimization (see Section 2.2),
Figures 2-4 to 2-6 show that Tc, Pc, and w developed in this research deviate from values available in
the literature. In these figures, Riazi and Al-Sahhaf’s correlations are extrapolated up to Ci0. Yaws
(2010) also gives values for Tc and Pc for n-alkanes, but they are not shown in Figures 2-4 to 2-6
because their trends are not smooth at Cso.

Equations 2-11 to 2-13 present new correlations developed for Tc, Pc, and m using the optimized
values given in Table 2-B. These correlations (Equations 2-11, 2-12, and 2-13) are recommended for
use with the PR EOS only.

Te = 1154.35 — 844.83[1.0 4+ 1.7557 X 10~3MW]~2° (2-11)

P; = 559.93MW 0638 _ 149 (2-12)
_(39.933)

m = 0.4707 + 2.4831MW U mw _ (2-13)

These correlations accurately represent the optimized Tc, Pc, and m. The R2 values are 0.99975,
0.99970, and 0.99949 for Tc, Pc, and m, respectively. Maximum absolute deviations for Equations 2-
11, 2-12, and 2-13 are 7.35 K for n-C1sHs2, 0.24 bars for n-C21Hes, and 0.0022 for n-C31Heas, respectively.
Standard deviations are 1.74 K for Equation 2-11, 0.07 bars for Equation 2-12, and 0.005 for Equation
2-13. Equation 2-11 shows an asymptotic value of 1154.35 K for Tc. An asymptote of 2.9538 for m can
be found in Equation 2-13. Equation 2-12 gives Pc of 1.0 bar for MW of 4856 gm/mol, which is close to
the MW of n-Caa7.

Figure 2-7 shows a sensitivity analysis for Equation 2-11 in terms of AADs in density and vapor
pressure predictions. The AADs here consider all data points (3583 density and 1525 vapor pressure
data) for n-alkanes from C7 to Ci0. The AAD is 3.0% for density predictions and is 3.4% for vapor
pressure prediction using Equations 2-11 to 2-13. The AAD in density predictions exhibit a monotonic
trend with respect to Tc near the optimum values given by Equation 2-11. Figure 2-7 also indicates that
vapor pressure predictions are more sensitive to Tc than density predictions. Equation 2-11 gives a
minimum in the density AAD and the total AAD.

Figure 2-8 presents a similar sensitivity analysis for Equation 2-12. The density AAD exhibits a

minimum with a small positive change in Pc, while the vapor pressure AAD exhibits a minimum with a
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small negative change in Pc. Equation 2-12 gives a minimum for the sum of the two AADs.

Figure 2-9 shows the sensitivity of the AADs to the m parameter near the optimum values given in
Equation 2-13. The vapor pressure AAD is sensitive to the m parameter, but the density AAD is nearly
constant for £10% changes from Equation 2-13. Equation 2-13 gives a minimum for the vapor pressure
AAD and the total AAD. Figures 2-7, 2-8, and 2-9 also show that density predictions are more sensitive

to Pc than to Tc and the m parameter.

2.4. Application of Optimized Critical Parameters to Mixtures

In Section 2.3, we developed a new set of critical parameters for the PR EOS that can accurately predict
liquid densities and vapor pressures of n-alkanes up to C100. This section is to show that the PR EOS
with the critical parameters developed also improves phase behavior predictions for mixtures. We first
demonstrate improved phase behavior predictions for various n-alkane mixtures. Application of our
critical parameters is then presented for characterization of 25 different reservoir oils. All phase behavior
calculations in this section use the PR EOS with the van der Waals mixing rules, and zero binary
interaction between hydrocarbons.

2.4.1. Phase Behavior Predictions for n-Alkane Mixtures

We make comparisons between the PR EOS with our correlations for critical parameters (i.e., Equations
2-10 to 2-12) and the PR EOS with the correlations of Gao et al. (2001) (i.e., Equations 2-8 to 2-10). No
attempts are made to adjust parameters to obtain a better match between experimental data and
predictions.

Table 2-3 shows use of our correlations gives improved accuracy for density predictions for various
n-alkane mixtures. AADs in density predictions become greater for heavier hydrocarbons when the
correlations of Gao et al. (2001) are used. Use of our correlations for the PR EOS exhibits consistently
small AADs in density predictions for all mixtures studied.

The two sets of the correlations are also compared in terms of bubble point pressure predictions for
six different mixtures, C1-C1s, C1-C20, C2-C16, C2-C20, C2-C22, and C2-C2s. For C2-C22 and C2-C24
mixtures, bubble point pressures at two different temperatures are considered for the comparisons.
Predictions of bubble and dew points are compared for three n-alkane binaries Ce-C16, Cs-C24, and Ce-
Css. As shown in Figures 2-10 to 2-20, use of our correlations gives more accurate predictions for
bubble and dew points pressures for most of the mixtures studied. Our correlations ensure that bubble
point and dew point pressures near the end points (i.e., 0.0 and 1.0 on the x axis) of the figures are
accurately predicted using the PR EOS.

Deviations from experimental data are observed for middle-range mixing ratios. Such deviations
are attributed mainly to the van der Waals mixing rules used to estimate the attraction and covolume
parameters for mixtures. The deviations can be significantly improved if a binary interaction parameter
is adjusted for each n-alkane binary. We developed the optimized critical parameters considering their

application for characterization of reservoir oils. In reservoir oil characterization, the main challenge
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comes from uncertainties in properties and amounts of non-identifiable compounds. Adjustment of
binary interaction parameters for such a case can result in physically absurd predictions Pedersen and
Christensen (2007). That is, we do not show adjustment of binary interaction parameters to fit EOS
predictions to data in this research.

2.4.2. Density Prediction for Reservoir Oils

Different reservoir oils have different distributions of CN groups and PNA components within a given CN
group. Even for a given reservoir oil, the concentrations of PNA components likely vary with CN.
Characterization of heavy oils is more difficult than that of conventional oils because heavy oils contain
a larger amount of heavy fractions, for which CN and PNA distributions are highly uncertain.

In a typical fluid characterization using an EOS, a distribution of CN groups is estimated based on
composition analysis data available. Once a CN group distribution is specified, critical parameters are
assigned to each CN group. Correlations for critical parameters proposed in the literature are generic
in that they do not explicitly consider the concentrations of PNA components. Use of these generic
correlations is unsuitable for heavy oil characterization because a heavier CN group can have a wider
variety of compounds in it.

A potential method to address the uncertainties is to consider a PNA distribution in a reservoir oil
as perturbation from n-alkane mixtures. The critical parameters developed in this research for a
homologous series of n-alkanes can serve as a well-defined reference for the perturbation consideration.
Since Tc and Pc for N and A components are in general greater than those for P components within a
given CN group, Tc and Pc for n-alkanes developed in this research provide the lower bounds of critical
parameters for pseudocomponents for actual oils.

Quifiones-Cisneros et al. (2003, 2004a, 2005) proposed a novel fluid characterization method. In
their method, Pc for a pseudocomponent is expressed as Pci = f-Pcpi, where i is a component index,
Pcp is Pc for paraffinic components, and f is a perturbation factor that represents deviation from Pcp.
So, the f factor is 1.0 for Pcpi.

In this section, we apply the critical parameters developed in this research for characterizing 25
reservoir oils (Table 2-4) on the basis of Quifiones-Cisneros et al.’s characterization method. Measured
saturation pressures are used to adjust Pc through the perturbation factor f as in Quifiones-Cisneros et
al. (2003, 2004a, 2005). No other parameters are adjusted. Density predictions are then compared
with experimental data.

The characterization steps given below are applied to 25 different reservoir oils presented in Table
2-4.

Step 1. Composition. Heavy fractions are split into detailed components using a chi-square distribution.
The detailed components are then grouped into 10 components consisting of N2, CO2, C4, Cz3,
C4, Cs, and four heavy pseudocomponents.

Step 2. Critical parameters. For the well-defined components (i.e., N2, CO2, and C1-Cs), physical critical

parameters available in the literature are used. For the four pseudocomponents, two sets of
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correlations are used; Equations 2-11 to 2-13 developed in this research and the correlations of
Quifones-Cisneros et al. (2005) as given by Equations 2-14, 2-15, and 2-16.

Tc = —423.587 + 210.152In(MW) (2-14)

P. = Exp(9.67283 — 4.05288MW°1) (2-15)

o) (2-16)

w = Exp(8.50471 —

Step 3. Perturbation of Pc. Adjust the perturbation factor f to match the experimental saturation pressure
at the reservoir temperature.

For all reservoir oils characterized, binary interaction parameters between non-hydrocarbon and
hydrocarbon components are 0.02 for N2-C+, 0.06 for N2-C2-3, 0.08 for N2-Ci>3, 0.12 for CO2-C+1, and 0.15
for CO2-Ci>1 (Quifiones-Cisneros et al. 2005). Volume-shift parameters are zero for all components. In
the above, two fluid models are created for each of 25 reservoir oils; i.e., one using Equations 2-11 to
2-13 and the other using Equations 2-14 to 2-16 for Tc, Pc, and w. Equations 2-14 and 2-16 are generic
correlations that do not consider the PNA distribution, while Equation 2-15 is the correlation for Pcp
proposed by Quifiones-Cisneros et al. (2005). The two fluid models are compared in terms of density
predictions for each of the reservoir oils studied (Table 2-4).

Table 2-4 lists the resulting perturbation factors for the 25 reservoir oils. The critical parameters
developed in this research result in systematically reduced perturbation required to match saturation
pressures. All perturbation factors are calculated to be greater than 1.0 using Equations 2-11 to 2-13
except for the heavy oil 0il-6. This observation is consistent with the fundamental concept of the
perturbation; i.e., the perturbation factor represents deviation from Pcp, and Pc is lower for the P
components than for the N and A components within a given CN group. The variation of the resulting
perturbation factors is small for oils lighter than 25°API. A wider variation of the resulting perturbation
factors is observed for heavier oils, which likely results from higher uncertainties in heavier oils’
compositions.

Table 2-4 lists AADs in density predictions for the 25 reservoir oils using Equations 2-11 to 2-13
developed in this research and Equations 2-14 to 2-16 taken from Quifiones-Cisneros et al. (2005). As
shown in Figure 2-21, use of Equations 2-11 to 2-13 results in more accurate density predictions for
most of the reservoir oils studied. The correlations developed in this research require less perturbation
from Pcp to obtain more accurate density predictions for oils lighter than 25°API. For such lighter oils,
it is likely that the concentration of paraffinic components is relatively high.

Figure 2-21 also show that AADs in density predictions for five oils heavier than 25° API (22.6, 13.38,
11.98, 11.63, and 9.5 API) are larger when Equations 2-11 to 2-13 are used. Using these equations,
however, smaller perturbations of Pc are required to match measured saturation pressures even for
these five heavy oils as given in Table 2-4. Reliable characterization for these low-API reservoir oils
using the PR EOS were recently developed based on a new perturbation method with the critical

parameters developed in this research (Kumar and Okuno 2014).
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2.5. Conclusions

We developed correlations for critical temperatures (Tc), critical pressures (Pc), and acentric factors (w)

that are optimized for phase behavior modeling of n-alkanes from C7 to C100 using the Peng-Robinson

(PR) EOS. Density and vapor pressure data available in the literature were used for the optimization.

The new set of Tc, Pc, and w satisfies Pitzer’s definition of w. The optimum T¢, Pc, and » values were

applied to predict phase behavior of n-alkane mixtures and 25 different reservoir oils using the PR EOS.

The conclusions are as follows:

o

Critical parameters and acentric factors for n-alkanes from C7 to C100 are optimized using 3583
density and 1525 vapor pressure data for use with PR EOS. These optimized parameters results in
2.8% AAD in density prediction and 1.6% vapor pressure prediction.

The PR EOS with our correlations for Tc, Pc, and  gives 3.0% and 3.4% AADs in density and vapor
pressure predictions, respectively, for n-alkanes from C7 to C100. When conventional correlations
are used for critical parameters, the PR EOS exhibits less accurate predictions for heavier n-
alkanes, and AADs can be as high as 61% for vapor pressure prediction and 87% for density
prediction for n-C1oo.

The critical parameter correlations developed in this research significantly improve phase behavior
predictions for n-alkane mixtures. Use of conventional correlations for critical parameters available
in the literature results in larger AADs in density prediction and bubble-and dew-point predictions.
The errors are more significant for heavier n-alkane mixtures using the conventional correlations.
The critical parameters for n-alkanes developed provide useful initial values for characterization of
reservoir oils using the PR EOS. Results showed that, when perturbation of Pc from the n-alkane
values is used to match experimental data, resulting values for Pc are greater than the n-alkane
values. This is because aromatic and naphthenic components have higher critical pressures than
n-alkanes for a given carbon number group. The new set of Tc and Pc correlations for a homologous
series of n-alkanes can serve as the lower bounds for Tc and Pc of pseudocomponents of reservoir
fluids characterized using the PR EQOS.

The PR EOS with the critical parameters developed in this research exhibits improved predictive
capability for oils lighter than 25°API, where concentrations of aromatic and naphthenic components

are typically insignificant.
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2.6. Nomenclature

Roman symbols
b

f

m

P

Pc

Pcp

Pr

prva

Tc
Tr

Greek letters
a(T)

w

Abbreviations
AAD

CN

EOS

MW

NBP

PNA

PR

SRK

Covolume parameter in a cubic EOS

Perturbation factor defined in Section 2.4.2

m(w) function in the PR EOS given in Equations 2-4 and 2-5

Pressure, bar

Critical pressure, bar

Critical pressure for a paraffinic component, bar

Reduced pressure
Reduced vapor pressure
Temperature, K

Critical temperature, K
Reduced temperature

Molar volume

Alpha function in the PR EOS

Acentric factor

Average absolute deviation
Carbon number

Equation of state
Molecular weight

Normal boiling point, K

Paraffins, naphthenes, and aromatics

Peng-Robinson

Soave-Redlich-Kwong
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Table 2-1. Uncertainties in experimental data that
are used in our optimization in section 2.2
Density Data Vapor Pressure Data
n-Alkanes Uncertainty Uncertainty
CrH1s 0.020 % 0.025 %
CgHis 0.036 % +0.000066 bar
CoHao 0.020 % 0.200 %
CioH2 0.020 % +0.000066 bar
Ci1Hos 0.200 %
Ci2Hazs 0.200 % 0.200 %
+0.0002
CizHzs (gm/ce)
CisH3o 0.100 % +[0.0015P +0.000048] bar*
CisHa2 0.100 %
CisHas (gm/Ci?lOOOOS +[0.0015P +0.000048] bar*
Ci7Hss 0.200 %
CigHag 0.100 % +[0.0015P +0.000048] bar*
CigHao 0.100 % +[0.0015P +0.000048] bar*
CooHaz 0.200 % +[0.0015P +0.000048] bar*
C2oHas +[0.0015P +0.000048] bar*
CosHas 0.100 %
CasHso 0.100 % +[0.0015P +0.000048] bar*
CasHsg 0.070 % +[0.0015P +0.000048] bar*
CsoHe2 0.200 %
CasHra 0.070 %
CaoHso 0.200 %
*Uncertainty is pressure dependent and is given as +[0.0015P +0.000048]
bar, where P is pressure in bar.

Table 2-2. Coefficients in the correlations of Riazi and AlQaheem
(2010) given in Equation 2-6.

Carbon number a, az as b, b, bs Cq [
C1-Cso -3.0337 0.3265 -0.0018060 -1.0097 -0.2056 0.001702  4.0519 -0.1216
Cs1-Cioo 0.9948 0.1581 -0.0006864 -2.5795 -0.1275 0.0008085 1.5701 -0.03715
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Table 2-3. AADs in density predictions for n-alkane mixtures using the PR EOS. AADs using
Equations 2-11 to 2-13 developed in this research are compared to those using Equations 2-8 to 2-

10 of Gao et al. (2001).

No. of AAD AAD
Components Data Reference This Research Gao et al.
Heptane (C;) + Octane (Cs) 11 Aucejo et al. (1995) 0.3 1.7
Heptane (C;) + Nonane (Co) 11 Aucejo et al. (1995) 0.7 29
Heptane (C;) + Decane (C+o) 11 Aucejo et al. (1995) 1.2 41
Heptane (C;) + Undecane (C11) 11 Aucejo et al. (1995) 0.6 5.3
Heptane (C7) + Dodecane (C12) 10 Aucejo et al. (1995) 1.7 6.5
Heptane (C;) + Hexadecane (C1¢) 11 Aucejo et al. (1995) 3.1 12.6
Octane (Cg) + Nonane (Co) 11 Aucejo et al. (1995) 0.9 3.8
Octane (Csg) + Decane (C+o) 11 Aucejo et al. (1995) 1.2 4.8
Octane (Csg) + Undecane (C+1) 11 Aucejo et al. (1995) 0.7 5.9
Octane (Csg) + Dodecane (C+2) 11 Aucejo et al. (1995) 1.9 7.3
Octane (Cs) + Hexadecane (C1g) 11 Aucejo et al. (1995) 3.2 12.8
Nonane (Cy) + Decane (C1o) 11 Aucejo et al. (1995) 1.4 5.6
Nonane (Cg) + Undecane (C14) 11 Aucejo et al. (1995) 0.9 6.7
Nonane (Cs) + Dodecane (C1,) 11 Aucejo et al. (1995) 1.9 7.8
Nonane (Cy) + Hexadecane (Cyg) 11 Aucejo et al. (1995) 3.3 15.2
Decane (C4o) + Undecane (C11) 11 Aucejo et al. (1995) 1.3 7.6
Decane (C4o) + Dodecane (C12) 11 Aucejo et al. (1995) 2.3 8.7
Decane (C1o) + Hexadecane (Cg) 11 Aucejo et al. (1995) 34 13.5
Undecane (C4) + Dodecane (C+2) 11 Aucejo et al. (1995) 1.8 9.5
Undecane (C14) + Hexadecane (C+s) 11 Aucejo et al. (1995) 3.0 141
Dodecane (C+;) + Hexadecane (Cye) 11 Aucejo et al. (1995) 3.7 14.7
Decane (C4o) + Eicosane (Cy) 24 Queimada et al. (2005) 4.2 18.0
Decane (Cyo) + Docosane (Cy,) 20 Queimada et al. (2005) 4.6 20.7
Decane (C1o) + Tetracosane (Ca4) 16 Queimada et al. (2005) 4.9 235
Decane (C4,) + Docosane (Cy,) + Tetracosane (Cz4) 23 Queimada et al. (2005) 4.8 21.8

41




Table 2-4. Comparisons of density predictions using the correlations developed in this research
(Equations 2-11 to 2-13) and those using the correlations of Quifiones-Cisneros et al.
(Equations 2-14 to 2-16). Volume shift parameters are not used for these comparisons.

API

No.

Oils Gravity* M\;ovlggur:?r Dof Reference Pe;t:;?::;on ?)2]3
ata

Oil-1 60.18 86.57 13 Quifiones-Cisneros et al. (2004b) 1.1201(1.2655) 4.8( 7.8)
Oil-6 55.73 83.31 20 Coats and Smart (1986) 1.2639(1.4330) 12.0(14.9)
Oil-2 47.63 89.83 11 Quifiones-Cisneros et al. (2004b) 1.3033(1.4537) 13.3(16.2)
Oil-7 47.09 113.60 20 Coats and Smart (1986) 1.2064(1.3515)  7.2(10.0)
Light Oil 43.68 105.26 7 Cullick et al. (1989) 1.2158(1.3424) 5.8( 7.5)
Oil-3 40.46 87.80 5 Quifiones-Cisneros et al. (2004b) 1.4226(1.6044) 18.2(22.1)
Fluid-1 35.73 124.57 8 Pedersen et al. (1992) 1.3327(1.4845) 12.6(16.6)
Oil-6 35.67 118.18 5 Quinones-Cisneros et al. (2004b) 1.2828(1.4482) 7.7(11.7)
Oil-3 34.24 114.65 12 Quifiones-Cisneros et al. (2003) 1.4056(1.5612) 15.7(18.9)
Oil-1 34.04 123.79 8 Coats and Smart (1986) 1.3869(1.5594) 12.5(16.1)
Oil-4 33.35 114.57 6 Quifiones-Cisneros et al. (2004b) 1.3827(1.5497) 14.6(19.0)
Oil-7 29.24 159.99 16 Quifiones-Cisneros et al. (2004b) 1.2658(1.4123) 5.0( 9.4)
Oil-5 28.90 130.55 3 Quifiones-Cisneros et al. (2004b) 1.3984(1.5610) 14.3(18.8)
Oilt 22.60 296.90 13 1.0697(1.1659) 10.2( 8.2)
Oil-4 25.70 167.03 11 Quifiones-Cisneros et al. (2003) 1.4204(1.5624) 14.0(16.9)
Oil-8 24.25 182.05 16 Quifiones-Cisneros et al. (2004b) 1.3625(1.5149)  9.3(13.6)
Oil-1 20.81 170.59 16 Quifiones-Cisneros et al. (2004a) 1.2869(1.4230) 7.3(10.9)
Oil-5 20.19 240.24 15 Quifiones-Cisneros et al. (2003) 1.3031(1.4217) 1.9( 3.7)
Oil-G 17.01 237.92 12 Patil et al. (2008) 1.5368(1.7087) 17.9(23.1)
Oil-H 13.84 232.17 15 Patil et al. (2008) 1.3395(1.4655) 2.1(4.6)
Oil-6 13.38 377.88 13 Quifiones-Cisneros et al. (2004a) 1.0126(1.0943) 21.6(20.3)
Oil-5 11.98 422.94 13 Quifiones-Cisneros et al. (2004a) 1.1124(1.1970) 14.7(13.7)
Oil-7 11.63 431.59 12 Quifiones-Cisneros et al. (2005) 1.0854(1.1671) 16.9(15.9)
Heavy Oil 10.00 421.35 8 Krejbjerg and Pedersen (2006) 1.6511(1.7762) 24.9(26.4)
Qil-8 9.50 443.06 13 Quinones-Cisneros et al. (2005) 1.1255(1.2089) 15.1(14.2)

Total number of data = 291

Overall AAD for this research =11.20%
Overall AAD for Quifiones-Cisneros et al. = 13.48%

*API gravity calculated except for Oilt and Heavy Oil.
TThis is an actual oil, but the source is not mentioned due to confidentiality.

# Number inside brackets shows the perturbation factor from Quifiones-Cisneros et al.

S Number inside brackets shows the AAD from Quifiones-Cisneros et al.
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Figure 2-1. The m(w) function for the Peng-Robinson EOS as defined in Equations 2-4 and 2-5.
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Figure 2-2. Average absolute deviation (AAD) in density predictions for n-alkanes from C7 to C1o0 using
the correlations developed in this research and the correlations of Gao et al. (2001).

43



80
o This Research
A Gao et al. (2001)

[e2])
o
T

N
(=]
T
>
[
E2

AAD in Vapor Pressure Predictions, %
8
T

Carbon Number

Figure 2-3. Average absolute deviation (AAD) in vapor pressure predictions for n-alkanes from C7 to
C1o0 using the correlations developed in this research and the correlations of Gao et al. (2001).
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Figure 2-4. Optimum critical temperature (Tc) developed for the PR EOS in this research, and the Tc
correlations of Gao et al. (2001) and Riazi and Al-Sahhaf (1996).
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Figure 2-5. Optimum critical pressure (Pc) developed for the PR EOS in this research, and the Pc
correlations of Gao et al. (2001) and Riazi and Al-Sahhaf (1996).
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Figure 2-6. Optimum acentric factor (w) developed for the PR EOS in this research, and the w
correlations of Gao et al. (2001) and Riazi and Al-Sahhaf (1996).
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Figure 2-7. Sensitivity of density and vapor pressure predictions to Tc around the optimum values given
in Equation 2-11.

The 0% change in Tc corresponds to use of Equation 2-11, which gives a minimum in the sum of the
AADs in density and vapor pressure predictions.
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Figure 2-8. Sensitivity of density and vapor pressure predictions to PC around the optimum values given
in Equation 2-12.

The 0% change in PC corresponds to use of Equation 2-12, which gives a minimum in the sum of the
AADs in density and vapor pressure predictions.
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Figure 2-10. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C1-C16 mixtures at 300 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-11. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C1-C20 mixtures at 363.15 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-12. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C2-C16 mixtures at 363.15 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-13. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C2-C20 mixtures at 350 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-14. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C2-C22 mixtures at 340 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-15. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C2-C22 mixtures at 360 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-16. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C2-C24 mixtures at 330 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-17. Comparison of bubble point pressure predictions with experimental data (Peters et al.
1988) for C2-C24 mixtures at 340 K.
For the predictions, the PR EOS is used with the critical parameters developed in this research and

those by Gao et al. (2001).
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Figure 2-18. Comparison of bubble and dew point predictions with experimental data (Joyce and Thies
1998) for Cs-C16 mixture at 623K.
The critical point is given as ¢. For the predictions, the PR EOS is used with the critical parameters

developed in this research and those by Gao et al. (2001).
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Figure 2-19. Comparison of bubble and dew point predictions with experimental data (Joyce et al. 2000)
for Ce-C24 mixture at 622.9K.
The critical point is given as ¢. For the predictions, the PR EOS is used with the critical parameters

developed in this research and those by Gao et al. (2001).
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Figure 2-20. Comparison of bubble and dew point predictions with experimental data (Joyce et al. 2000)
for Ce-Css mixture at 621.8K.
The critical point is given as ¢. For the predictions, the PR EOS is used with the critical parameters

developed in this research and those by Gao et al. (2001).
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Figure 2-21. AAD reduction in density predictions for 25 different reservoir oils listed in Table 2-3.
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Chapter 3: Reservoir Oil Characterization for Compositional Simulation of

Solvent Injection Processes

A version of this has been published in Industrial and Engineering Chemistry Research,
Year: 2014, Volume: 53, Pages: 440-455.
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3.1. Introduction

Solvent methods for enhanced oil recovery and heavy-oil recovery have been studied and implemented
in oil fields (e.g., Mohanty et al. 1995; DeRuiter et al. 1994). Various steam/solvent coinjection schemes
are also proposed in the literature (Hornbrook et al. 1991; Nasr et al. 2003; Gupta et al. 2003; Li et al.
2011; Gate and Chakrabarty 2008) to improve efficiency of the conventional steam-assisted gravity
drainage. Reliable design of such oil recovery processes requires compositional reservoir simulation to
model mass transfer among phases using a cubic equation of state (EOS).

Cubic EOSs are widely used in the petroleum industry to model volumetric and compositional phase
behavior of conventional oils. The most widely used cubic EOSs are the Peng-Robinson (PR) EOS
(Peng and Robinson 1976, 1978) and the Soave-Redlich-Kwong (SRK) EOS (Soave 1972). These
EOSs together with the van der Waals mixing rules are suitable for computationally efficient
representation of vapor-liquid equilibrium for hydrocarbon mixtures at a wide range of pressures (Okuno
et al. 2010).

However, application of these EOSs for modeling heavy-oil recovery is not straightforward. For
heavy-oil recovery, a typical operation range in pressure-temperature-composition (P-T-x) space is
much wider than that for enhanced recovery of conventional oil. When steam and solvent are coinjected
for heavy-oil recovery, reservoir temperatures lie between an initial reservoir temperature and steam
temperatures; e.g., between 290 K and 530 K for a typical solvent-steam-assisted gravity drainage.
Also, mixtures of solvent and heavy oils are highly size-asymmetric, resulting in a wider variety of
composition conditions. The wide operation range in P-T-x space provides technical challenges for the
traditional use of cubic EOSs with the van der Waals mixing rules.

Fluid characterization using an EOS is conducted based on experimental data available, which
typically consist of composition analysis and pressure-volume-temperature (PVT) data. However, it can
be difficult to take reliable downhole fluid samples for heavy oil (Memon et al. 2010; Zabel et al. 2010).
Even when a reliable sample is available for a heavy oil, its detailed composition is uncertain because
of high concentrations of non-identifiable compounds. Availability of experimental data in P-T-x space,
especially at different composition conditions, is often limited for heavy oil mainly because of its high
viscosity and highly uncertain composition. Laboratory measurements are performed at certain P-T-x
conditions. It is difficult to measure phase behavior along the compositional path for a given solvent
injection in the laboratory. Use of a reliable fluid characterization method is as important as use of
reliable experimental data to predict phase behavior during solvent injection processes in compositional
simulation. Heavy-oil PVT data that are measurable include saturation pressures (Psat) and densities
at different conditions. It is not unusual that they are the only reliable PVT data for a heavy oil.

Characterization of conventional oils using an EOS has been developed, and implemented in
commercial software (Whitson and Brulé 2000; Pedersen and Christensen 2007). A typical

characterization process consists of four main steps as follows:
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Step 1. Estimation of a molar distribution with respect to molecular weight (MW) or carbon number (CN)
to split the plus fraction (e.g., C7+) into detailed components.

Step 2. Estimation of properties for the detailed components such as critical temperature (Tc), critical
pressure (Pc), critical volume (Vc¢), acentric factor (w), and volume-shift parameters.

Step 3. Grouping of the detailed components into fewer pseudocomponents.

Step 4. Regression of pseudocomponents’ properties to match experimental data available.

In step 1, a distribution function is fitted to the composition analysis data available. Forms of
distribution functions proposed in the literature include the gamma (Whitson 1983), chi-squared
(Quifiones-Cisneros et al. 2003), and logarithmic distributions (Pedersen et al. 1983, 1984). The gamma
distribution is the most general form among the three, and reduces to the other two when certain
assumptions are used. The logarithmic distribution is a widely used form for conventional oil
characterization, where composition analysis can provide composition information for a large fraction of
the fluid. Heavy oils often require more flexible distribution functions, like the gamma and chi-squared
ones, to match their composition analysis data (Ghasemi et al. 2011). Regardless of the type of the
distribution function used, however, the reliability of the resulting molar distribution depends primarily on
how much uncertainty is left as a plus fraction in composition analysis.

Step 2 uses correlations to estimate properties of the split components because critical properties
measured for hydrocarbons heavier than Cz4 are not available (Ambrose and Tsonopoulos 1995).
These correlations include Cavett (1962), Edmister (1958), Kesler and Lee (1976), Riazi and Al-Sahaff
(1996), Korsten (2000), Riazi and Daubert (1980, 1987), Twu (1984), and Lee and Kesler (1975). The
correlations of Pedersen et al. (1989, 1992, 2004) are functions of MW and density at atmospheric
conditions, which are in turn functions of CN. These correlations are developed for an EOS to reproduce
vapor pressures and the critical point for the pseudocomponent of a given CN. However, the PR and
SRK EOSs with these correlations cannot accurately model densities of heavy hydrocarbons unless
volume-shift parameters (Peneloux et al. 1982; Jhaveri and Youngren 1988) are used. Krejbjerg and
Pedersen (2006) developed new correlations for Tc, Pc, and w for heavy-oil characterization. Their
correlations do not attempt to model three-hydrocarbon-phase behavior, although such phase behavior
often occurs for highly asymmetric mixtures of heavy oil with solvent (Polishuk et al. 2004).

Step 3 reduces the number of components used in the fluid model and calculates properties of each
pseudocomponent by averaging over its member components. Use of fewer components can make
EOS calculations more efficient, but it can also result in erroneous predictions of phase behavior due to
reduced dimensionality in composition space. Common grouping procedures in the literature include
the ones of Pedersen et al. (1984) and Whitson and Brulé (2000). The former uses the equal mass
grouping with mass-weighted averaging of properties, while the latter uses the Gaussian quadrature
grouping method with mole-weighted averaging.

In the equal mass grouping approach, detailed split components are grouped into fewer

pseudocomponents that have an approximately same mass. The critical properties for a
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pseudocomponent are estimated by taking the mass-weighted average of the critical properties of
member components for that pseudocomponent. In the Gaussian quadrature grouping method of
Whitson and Brulé (2000), each pseudocomponent has a wider range of molecular weights, and a
component may be present in multiple pseudocomponents (Pedersen and Christensen 2007).
Representative critical properties for a pseudocomponent are estimated by taking the mole-weighted
average of critical properties of member components for that pseudocomponent. Jargensen and Stenby
(1995) conducted a comparative study of 12 different grouping methods and concluded that it was
difficult to single out the best grouping method.

As mentioned before, simulation of solvent methods for heavy-oil recovery requires reliable
representation of phase behavior at a wide range of composition conditions. Therefore, a reliable fluid
model for solvent/heavy-oil mixtures often requires more components than that for solvent/conventional-
oil mixtures.

Step 4 is often needed because each of steps 1-3 makes certain assumptions resulting in deviations
of predictions from actual phase behavior. Regression procedures for conventional oil characterization
are discussed in detail in Whitson and Brulé (2000), and Pedersen and Christensen (2007). Typical
parameters adjusted in this step include Tc, Pc, w, volume-shift parameters, and binary interaction
parameters (BIPs) for pseudocomponents. The constant terms of the attraction and covolume
parameters of a cubic EOS, Qa and Q», are sometimes adjusted, but this is not recommended as
explained by Wang and Pope (2001). These adjustment parameters offer flexibility that may be required
to match various types of PVT data such as Psart, constant mass expansion, constant volume depletion,
differential liberation, separator tests, swelling tests, minimum miscibility pressures, and viscosity data.
Different EOS fluid models can result depending on which parameters are adjusted and how much they
are adjusted (Lolley and Richardson 1997).

As described above, each of steps 1-4 is more difficult for heavy oil than for conventional oil. The
main reason for the difficulties is that heavy-oil characterization is conducted under high uncertainties
in oil composition, components’ properties (e.g., Tc, Pc, and w), and phase behavior in P-T-x space.
Also, considering direct use of EOS fluid models in compositional simulation, it is undesirable that
modeling heavy-oil/solvent mixtures often requires many components to accurately model their phase
behavior.

In this research, a new characterization method is developed for simulation of enhanced oil recovery
and heavy-oil recovery. The uncertainty issues discussed above are addressed by incorporating
physical observations into our procedures for critical parameter estimation, step 2, and regression, step
4. Since density data are easier to obtain than composition data, our method effectively uses density
data to improve phase behavior predictions in P-T-x space; i.e., volume-shift parameters are not
required in our characterization method. In the following section, the conventional characterization
method used in this research is defined. We then present a new characterization method and its

application to 22 different reservoir oils. Comparisons are made between the new and conventional
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characterization methods in terms of phase behavior predictions in P-T-x space for actual reservoir oils

and their mixtures with solvents.

3.2. Conventional Characterization Method Used in This Research

The conventional characterization method used in this research is based mainly on Pedersen and
Christensen (2007) and Wang and Pope (2001). The method of Pedersen and Christensen (2007) has
been implemented in the PVTsim software of Calsep (2011). Descriptions are given below for the
conventional characterization steps 1-4 (see the introduction section for the definitions of the steps). All
characterizations in this research assume that PVT data available include the oil composition, the oil
Psat at the reservoir temperature, and liquid densities and viscosities at different pressures at the
reservoir temperature. All EOS calculations in this research use the PR EOS, Equation 3-1 to 3-3, with

the van der Waals mixing rules.

RT aca(T)

p= v-b  vZ242bv-b2’ (3_1)
2
where a. = 0.457235529 &1
7105
Ja(T) = [1 + m<1 - (T—) )]
m = 0.37464 + 1.542260 — 0.26992¢7 for w < 0.49 (3-2)
m = 0.379642 + 1.485030 — 0.164423? + 0.016666w? for @ > 0.49 (3-3)

Step 1 of the conventional method assumes a logarithmic distribution for splitting a plus fraction. In step
2, critical properties, such as Tc, Pc, and w, are estimated using Krejbjerg and Pedersen (2006). Step
3 uses the equal-mass grouping with mass-weighted averaging of properties.

Although there is no well-defined regression scheme for step 4 due to its high flexibility in the
conventional method, Figure 3-S1 in the supporting information depicts the conventional regression
scheme used in this research, which is based on Pedersen and Christensen (2007) and Christensen
(1999). Adjustments are made for Tc, Pc, and w of pseudocomponents to match the Psar at the reservoir
temperature. Adjustment parameters are selected based on their sensitivities to Psat calculation
(Voulgaris et al. 1991).

After matching the Psat, density data at different pressures at the reservoir temperature are
matched. We consider two options here; one is to adjust Tc, Pc, and w, and the other to adjust volume-
shift parameters (the temperature independent Cpen parameters in the PVTsim software). The second
option is widely used in the literature. In this paper, the conventional methods with the first option and
with the second option are referred to as the CMwioV and CMwV, respectively. The CMwoV and CMwV
are collectively called the CM. The CMwV will be compared with our new method (NM) developed in the
next section, both with 11 components. The CMwoV will be used with 30 components to generate
pseudodata for the comparisons. The regression step confirms that Tc and Pc have physically correct
trends with respect to MW, i.e., Tc monotonically increases and Pc monotonically decreases with

increasing MW. V¢ for pseudocomponents are also adjusted to match viscosity data using the Lohrenz-
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Bray-Clark (LBC) model (Lohrenz et al. 1964). BIPs are not adjusted in this research. These two notes
also apply for the NM described in the next section.

The PVTsim software is used as part of the CM because its flexibility enables to apply the most
prevalent characterization procedure in the literature (see Figure 3-S1 in the supporting information). It
requires step-wise manual adjustment of parameters based on engineering judgments, which can be
done with PVTsim. In the CM, Tc, Pc, and w for each pseudocomponent are tuning parameters. For
example, use of four pseudocomponents results in 12 adjustment parameters. Parameter values
resulting from a regression process depend on the weights assigned to sets of experimental data, the
ranges of variation allowed for parameters, and the order of parameter adjustments. Special care must
be taken by experienced engineers to ensure smooth and physically justifiable curves for Tc, Pc, and w
with respect to MW. Automated robust characterization is possible when the automatic regression
keeps physically justifiable trends of parameters, which is achieved in the NM as will be discussed. Note
that the NM also satisfies Pitzer (1955) and Pitzer et al. (1955)’s definition of acentric factor for each

component.

3.3. New Characterization Method Based on Perturbation from n-Alkanes
The new characterization method (NM) developed in this section addresses two major issues that the
CM can pose when applied for heavy-oil characterization. These issues, which are described below,
come essentially from the fact that heavy-oil characterization must be conducted under high
uncertainties in oil composition, components’ properties (e.g., Tc, Pc, and w), and phase behavior in P-
T-x space. In the following subsections, we first describe the issues of the CM. Our development of the
NW is then presented in detail.
3.3.1. Issues of the Conventional Method
One of the two major issues is in step 2, estimation of pseudocomponents’ properties. Conventional
correlations for pseudocomponents’ properties in the literature are typically functions of two parameters;
e.g., MW and specific gravity. The fundamental reason for use of two types of parameters is that a CN
group contains a wide variety of compounds. One way to categorize hydrocarbon compounds is
paraffins, naphthenes, and aromatics (PNA). Tc and Pc of paraffins are in general lower than those of
aromatics within a given CN group (Kumar and Okuno 2012). The trend is the other way around for w.
That is, one of the two parameters, specific gravity, is required to consider the effects of a PNA
distribution within a CN group on critical properties of the CN group. However, specific gravities of
pseudocomponents in a plus fraction are unknown. They are then estimated using a function of CN in
Pedersen and Christensen (2007). In this way, a certain PNA distribution is implicitly assumed in the
CM for property estimation, and the PNA distribution assumed is not well defined for users.

The PNA distribution implicitly set is coupled with a shortcoming of cubic EOSs in the CM. That is,
even when Tc¢, Pc, and w of a well-defined hydrocarbon (e.g., a n-alkane compound) are given, cubic

EOSs are inaccurate in predicting its liquid densities unless a volume-shift parameter is used (Ting et
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al. 2003; Voutas et al. 2006; Yakoumis et al. 1997). This shortcoming of cubic EOSs is more serious for
heavier hydrocarbons (Kumar and Okuno 2012). Regression in step 4 then attempts to decrease errors
caused by the coupled problem mentioned above, where adjustments of Tc, Pc, and w must be
performed with little justification in a physical sense.

Another major issue addressed in this research is the separation of volumetric and compositional
behaviors using volume-shift parameters in the CMwV. For heavy oil, available experimental data are
mostly volumetric ones, instead of compositional ones. Volume-shift parameters are typically needed
when the CM is used with a small number of components to match heavy-oil density data. In such a
case, compositional behavior predictions of the resulting fluid model depend significantly on how much
one relies on volume-shift parameters to match density data.

Thermodynamically, however, volumetric phase behavior, including densities, is a consequence of
compositional phase behavior; i.e., compositional and volumetric phase behaviors should not be
modeled separately. Density data for a given fluid contain its composition information. The CMwV does
not effectively use density data to improve compositional phase behavior predictions. Although
composition analysis is often difficult for heavy oils, density data can supplement compositional data for
heavy-oil characterization by minimizing use of volume-shift parameters. Thus, our NM does not use
volume-shift parameters, which can also reduce the number of adjustment parameters. Section 3-S2
in the supporting information presents the effects of volume shift parameters on the Gibbs free energy
when used as regression parameters in reservoir oil characterization.

3.3.2. Characterization Steps in the New Method

The most important novelties of the NM lie in steps 2 and 4 as will be described below. For steps 1 and
3, the NM is based on Quifones-Cisneros et al. (2003. 2004a, 2004b, 2005); i.e., the chi-squared
distribution is used for step 1, and the equal-mass grouping with mass-weighted averaging of properties
is used for step 3.

Step 2, estimation of T¢, Pc, and w for pseudocomponents, in the NM is based on the correlations
of Kumar and Okuno (2012). The PR EOS with the correlations gives accurate predictions of liquid
densities and vapor pressures for n-alkanes from C7 to C100 without using volume-shift parameters.
These correlations were developed using the optimized critical parameters and m parameters for the
PR EOS for n-alkanes from C7 to C100. The optimized critical values do not represent the physical critical
points. In reservoir oil characterization, however, physical critical points of pseudocomponents are not
well defined at first. Only n-alkane compounds can form a well-defined homologous hydrocarbon series.
There are sufficient experimental data for the homologous series of n-alkane compounds in the
literature, which were used in Kumar and Okuno (2012).

The NM considers a PNA distribution of a plus fraction as perturbation from a limiting distribution of
100% n-alkanes. Considering the trends of Tc, Pc, and w with respect to the PNA distribution, Tc and
Pc of a pseudocomponent should be higher than the n-alkane values from the correlations of Kumar

and Okuno (2012). Similarly, w of a pseudocomponent should be lower than the n-alkane values. The
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amounts of perturbations in Tc, Pc, and w from the n-alkane values are related to the concentration of
components other than n-alkanes, especially aromatic components, in the plus fraction. Step 2 of the
NM combines the perturbation concept and the correlations of Kumar and Okuno (2012) as given in
Equations 3-4, 3-5, and 3-6.

T, = 1154.35 — 844.83(1.0 + 1.7557x1073fMW) 20 (3-4)

—0.63

8
P, = 559.93 (Mf—w) —1.49 (3-5)
P

39.933)

m = 0.4707 + 2.4831(f, MW)_(fm MW (3-6)

The m parameter in Equation 3-6 is defined in Equations 3-2 and 3-3 as a one-to-one function of w.
The perturbation factors for Tc, Pc, and m are expressed as fr, fp, and fm, respectively. These
perturbations are qualitative deviation of pseudocomponents from n-alkane behavior. The perturbed
values are valid only with the cubic EOS used. Equations 3-4 to 3-6 reduce to the correlations of Kumar
and Okuno (2012) for n-alkanes when the perturbation factors are 1.0. As a pseudocomponent deviates
from the n-alkane with the same MW, fr and fp increase, and fm decreases from the value of 1.0.

Equations 3-4 to 3-6 also consider another physical trend that can be derived from the correlations
of Riazi and Al-Sahhaf (1996) and Pan et al. (1997). Using their correlations, the differences between
aromatics and paraffins in terms of Tc and Pc decrease with increasing MW (Figures 3-1 and 3-2). In
terms of m, the difference exhibits a maximum around MW of 500 gm/mol as shown in Figure 3-3.
These curves indicate that the effects of non-alkane compounds on Tc, Pc, and m vary with MW.

Figures 3-1 to 3-3 also show how Tc, Pc, and m in our Equations 3-4 to 3-6 deviate from their n-
alkane values as the perturbation factors (fr, fr, and fm) change from unity. Figures 3-1 to 3-3 present
that Equations 3-4 to 3-6 qualitatively represent the physical trends mentioned above. Figure 3-1 shows
that the sensitivity of Tc to fr in Equation 3-4 exhibits a maximum around MW of 200 gm/mol, which is
not observed from the correlations of Riazi and Al-Sahhaf (1996). However, the behavior of Tc with
respect to fr in the MW range of 100-200 gm/mol does not affect practical fluid characterization because
most of pseudocomponents are out of this MW range, especially for heavy oils.

Step 4 of the NM uses Equations 3-4 to 3-6 to regress Tc, Pc, and m of pseudocomponents for
matching Psat and density data. Figure 3-S2 and the summary of step 4 given in Section 3-S1 (in the
supporting information) present the algorithm to adjust fr, fe, and fm. There are three main iteration
loops, the Psar, density, and w loops. The Psat loop is the innermost loop contained by the density loop.
The w loop contains the other two loops.

The initial values for fr and fe are 1.0. The fm parameter is initialized by solving Equation 3-7,

39.933 )

0.6 = 0.4707 + 2.4831(mew1)‘(fm MW/ (3-7)

where MW+ is the MW of the lightest pseudocomponent in a fluid model. The value on the left side of
Equation 3-7, i.e. 0.6, is lower than the m for benzene, 0.6866 (see Equation 3-2 with w = 0.21). Use
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of Equation 3-7 assumes all pseudocomponents are heavier than Cs. The value 0.6 can be unduly low
if MW+ is much greater than the MW of benzene. However, this value is recommended for robustness.

In the Psat loop, fr is adjusted by Afp (e.g., +10) per iteration to match the Psar by decreasing the
w function (Equation 3-8). Once the y function becomes smaller than a tolerance (e.g., 10-4), the
density loop decreases the & function (Equation 3-9) by adjusting fr and fr. In the density loop, fr is set
to 1.0 at the beginning of each iteration, and fr is adjusted by Afr (e.g., +10-®) per iteration. If the fr
exceeds 3.5 or the 0 function at the current iteration is greater than that at the previous iteration, then
the algorithm moves to the w loop. The fr value can be greater than the upper bound of 3.5 when MW
is much greater than the MW of benzene in Equation 3-7. The accuracy of density predictions is less

than 1% in AAD for all the oils tested in the next section.

l/) __ abs(Experimental PsaT — Calculated Psa1)*100 (3 8)
- Experimental PgaT
1 [abs(Experimental Density—Calculated Density)*100
§=yk 1 [ 3-9
Zl‘l k Experimental Density ; ( )

The w loop is to satisfy the internal consistency of Tc, Pc, and w; i.e., the definition of w given by Pitzer
(1955) and Pitzer et al. (1955) and in Equation 3-10. Equations 3-11 and 3-12 are used to back
calculate w from the current m for each pseudocomponent. These w values are then used in Equation

3-10 to obtain saturation pressures for pseudocomponents (Psat) at 0.7Tc.

(Psam)at T,=07 = 10-(+o)p, (3-10)
m = 0.37464 + 1.542260 — 0.269920? for ® < 0.3984 (3-11)
m = 0.379642 + 1.48503m — 0.1644230% + 0.016666w> for ® > 0.3984 (3-12)

Use of the PR EOS with the current Tc, Pc, and w yields another saturation pressure at 0.7T¢ (Psati)
for each pseudocomponent. The average absolute deviation efor Psat and Psami for all

pseudocomponents is then calculated using Equation 3-13
£ = =%, Abs(Psars — Psarn), (3-13)

where n is the number of pseudocomponents. If fr is greater than 3.5 or the € function at the current
iteration is smaller than that at the previous iteration, fm is increased by Afm (e.g., +10-3) to continue on
the w loop. For each w iteration, fr and fe start with 1.0. The final values for fr, fp, and fn are determined
when the € function becomes greater than that at the previous iteration. The final set of fr, fr, and fm
gives the first minimum of the & function encountered in the calculation.

In the regression algorithm, the initial value is 1.0 for fr and fe, corresponding to the n-alkane values
in Kumar and Okuno (2012). The search direction for fr and fr is the increasing direction from their initial
values because pseudocomponents’ Tc and Pc should be higher than n-alkane’s value for a given MW.

Therefore, Afr and Afe are positive to be physically justified. We set a lower bound for fm in Equation 3-
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7, which is used as the initial fm value. Thus, Afm should also be positive. If the converged fm is smaller
than 1.0, it is consistent with the w perturbation concept that pseudocomponents’ w should be lower
than n-alkane’s value for a given MW.

The regression algorithm in the NM provides a unique set of Tc, Pc, and m unlike the CM, where
the resulting Tc, Pc, and m depend on the selection of adjustment parameters and adjustment amounts
for them. Our regression algorithm can work with fewer adjustment parameters, compared to the CM,
because of the physical observations incorporated in its development.

Equations 3-11 and 3-12 are different from Equations 3-2 and 3-3 in terms of their o ranges.
Equations 3-2 and 3-3 give the same value for m at ® = 0.39839, but not at the boundary = 0.49. The
value of 0.39839 falls in the o range 0.20-0.49 that is recommended for both Equations 3-2 and 3-3 by
Peng and Robinson (1978). Therefore, the value of 0.3984 is chosen as the boundary value for
Equations 3-11 and 3-12.

In general, the PR EOS overpredicts the molar volume for hydrocarbons heavier than heptane
(Sereide 1989). The values for the critical parameters must be increased to match densities and vapor
pressures regardless of the hydrocarbon compound type (i.e., P or N or A). Also, the density of an
aromatic hydrocarbon is higher than that of n-alkane for a given MW. Although the correlations used
for n-alkanes do not represent physical critical points, the search directions described above are still
valid as will be demonstrated in the next section.

The NM developed in this section uses the PR EOS. However, it can also be used with other cubic
EOSs if a new set of critical parameters is developed for the selected cubic EOS as Kumar and Okuno
(2012) did for the PR EOS. The regression algorithm assumes that densities, viscosities, and Psar data
are the only PVT data used in characterization. More adjustment parameters may be used when more
PVT data are available, especially at different composition conditions. The regression algorithm can be
extended for such a case by using molar distribution parameters as variables and creating additional
loops. For example, the chi-squared distribution has two parameters, which influence mole fractions
and MWs of pseudocomponents. These adjustment parameters will be effective especially for heavy
oils, considering the importance of molar distributions of pseudocomponents in EOS calculations. BIPs
for pseudocomponent/non-hydrocarbon (e.g., CO2) pairs can significantly affect phase behavior
calculations. We, however, recommend that the regression step should minimize the number of

adjustment parameters to avoid physically absurd adjustment of parameters.

3.4. Characterization of Reservoir Oils Using the New Method

In this section, the NM is applied to 22 different reservoir oils ranging from 9.5°API to 60.18°APIl. The
oils are actual reservoir oils, for which data are available in the literature as shown in Table 3-1. The
number of pseudocomponents is fixed to be four for the 22 oils. Mole fractions and MWs of
pseudocomponents for oils 1-13 and 18-20 are taken directly from the corresponding references, which

are based on the chi-squared distribution. Psar and reservoir temperature data are available in the
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references as numerical values for the 22 oils. Many of the density data used have been obtained by
digitizing density plots in the references. The number of density data points used is given for each oil
in Table 3-1.

Figure 3-4 shows how the ¢ function varies with fm, for oils 5, 6, and 9. Step 4 of the NM converges

to the final set of fr, fp, and fm (and corresponding Tc, Pc, and m) at a minimum ¢ value for each oil. The
same behavior of fm occurs for the other oils studied in this research.
Table 3-1 lists the converged fr, fr, and fm values for the 22 oils studied. Figures 3-5, 3-6, and 3-7 show
the relationship between the API gravity and the converged fr, fp, and fm values, respectively. For all
the oils, the converged fr and fp values are greater than 1.0, and the converged fm values are smaller
than 1.0. These results indicate that the regression algorithm successfully found the solutions that are
consistent with the perturbation concept described in the previous section.

Figures 3-5 to 3-7 also show a trend that fr, fr, and fm are converging toward 1.0 as the API gravity
becomes larger. This is likely because the paraffinic portion of the PNA distribution for a lighter oil is
greater than that for a heavier oil. The PNA distribution of a heavy oil in general can deviate significantly
from the reference distribution of 100% n-alkanes because a heavier CN group allows for a wider variety
of compounds in it.

Unlike manual adjustments performed in the CM, the regression process in the NM can be easily
codified for automation and takes only 1-3 minutes per oil using our code written in FORTRAN on the
Intel Core i7-960 processor at 3.20 GHz and 8.0 GB RAM. The algorithm presented is based on the
exhaustive search method of optimization for robustness. More rapid convergence would be achieved

if a gradient method is used with initial guesses for ft, fr, and fm based on the previous iteration steps.

3.5. Comparison Between the New and Conventional Methods

We now make comparisons between the NM and CM in terms of various types of phase behavior
predictions in P-T-x space for the oils in Table 3-1. PVT data for heavy oils are scarce as described in
the introduction section and in the literature (Kokal and Sayegh 1993; Yazdani and Maini 2010). Data
types used in this research are oil compositions; oil Psat at reservoir temperatures, and liquid densities
and viscosities at different pressures at reservoir temperatures. Other than these measured data,
pseudo data (Merrill and Newley 1993) were generated using the CMwoV with 30 components (see
Figure 3-S1 in the supporting information) because a complete set of data suitable for comparisons in a
wide P-T-x range is not available for heavy oils. The 30 components consist of N2, CO2, C1, C2, Cs, Ca,
Cs, Cs, and 22 pseudocomponents for the C7+ fraction.

Fluid characterization using a cubic EOS can result in deviation between predictions and data for a
few fundamental reasons; (1) the functional form of the EOS used, (2) the characterization of the
attraction (“a”) and covolume (“b”) parameters based on critical parameters, (3) the critical parameters
used, and (4) the number of components used. The focus of the comparisons in this section is on items

(3) and (4). Thus, the comparisons are made among different fluid models that have different critical
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parameters and numbers of components for the PR EOS (i.e., for a fixed cubic EOS and a
characterization method for a and b).

If the number of components in the fluid of interest was known and used in the fluid model, there
should be no errors caused solely by reduction in composition space. We have conducted a sensitivity
analysis for the effects of the number of components used on phase behavior predictions (Figures 3-8
and 3-9). The results indicate that use of 22 pseudocomponents is appropriate for generating pseudo
data in this research. The differences in predictions are diminishing as the number of
pseudocomponents used becomes more than 16. This result is consistent with other papers in the
literature (Lolley and Richardson 1997; Egwuenu et al. 2008; Pedersen et al. 1985). Also, the CMwioV
method used for generating pseudo data follows the method of Pedersen et al. (Pedersen et al. 1989,
1992, 2004). It has been found that this method generally has a high predictive capability (Zuo and
Zhang 2000) when properly used (see Figure 3-S1 in the supporting information).

Given the above, the pseudo data generated can be interpreted as phase behavior data for a PR
fluid, a fluid that behaves as described by the PR EOS. Global phase diagrams of binary (Mushrif 2004;
Yang 2004; Mushrif and Phoenix 2008) and ternary (Gauter 1999, Gauter et al. 1999) mixtures have
been successfully represented using the PR EOS. Their results show that the PR EOS is capable of
predicting at least qualitatively accurate phase behavior for reservoir fluids. When experimental data
are not available or measurable, use of synthetic or pseudo data has been recommended for developing
thermodynamic fluid models (Satyro et al. 2013). In the present research, the validation of the NM is
made against pseudo data for PR fluids. We believe this is a reasonable approach in the absence of
reliable experimental data other than oil compositions, densities, saturation pressures, and viscosities.
There is also an important benefit using the pseudo data. Meaningful comparisons in any conditions in
P-T-x space, particularly along the composition path for a given displacement at a given dispersion level,
may be possible only with the pseudo data.

Separately from the 30-component models created for pseudo data, two fluid models are created
for each oil using the NM and CMwV with 11 components (see Figures 3-S1 and 3-S2 in the supporting
information for the CMwV and NM algorithms, respectively). The 11 components consist of N2, COz, Cx,
C2, Cs, Ca5, Cs, and four pseudocomponents for the Cr-+ fraction.

BIPs are not adjustment parameters in this research. Fixed BIP values are used for the 22 oils.
BIPs are zero for hydrocarbon-hydrocarbon pairs. Non-zero values are used for non-hydrocarbon-
hydrocarbon and non-hydrocarbon-non-hydrocarbon pairs; i.e., N2-hydrocarbons, CO2-hydrocarbons,
and N2-COs..

We adjust no BIPs, and set BIPs of hydrocarbon-hydrocarbon pairs to zero for the following reasons:

(1) The number of regression parameters should be minimized (Wang and Pope 2001; Egwuenu et al.
2008). Use of BIPs as regression parameters can damage the predictive capability of the resulting
fluid model (Wang and Pope 2001).
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(2) Non-zero BIPs for hydrocarbon-hydrocarbon pairs may lead to non-physical liquid-phase split
(Pedersen et al. 1988).

(3) Use of zero BIPs can improve computational efficiency (Egwuenu et al. 2008; Michelsen 1986). It
has also been shown that fluid properties can be better predicted when most of BIPs are set to zero
(Pedersen and Christensen 2007).

(4) Use of negative BIPs, which may occur after regression, can cause non-convergence in successive
substitution for flash calculations (Heidemann and Michelsen 1995).

The BIPs for N2-hydrocarbons, CO2-hydrocarbons, and N2-CO:2 are fixed to be some non-zero
values. The CM uses the default values from PVTsim as they would be the most suitable values for
PVTsim. They are -0.017 for N2-COz2, 0.0311 for N2-C1, 0.0515 for N2-Cz, 0.0852 for N2-Cs, 0.08 for N2-
Cs4, 0.1 for N2-Cs, 0.08 for N2-Ci, where i = 6, 0.12 for CO2,-Cj, where 1 £ j < 6, and 0.1 for CO2-
pseudocomponents. These BIPs in the NM are based on Peng and Robinson (1976, 1978), who
properly considered effects of hydrocarbon types on BIPs for the PR EOS. They recommended 0.1 for
Nz-paraffins and Nz-napthenes, 0.18 for Nz-aromatics, and 0.1 for CO2z-hydrocarbons. Since
pseudocomponents are mixtures of PNA compounds, we use the average values in the NM, which is
[0.1 +0.1 +0.18] /3 =0.12666 = 0.13 for N2-pseudocomponents, and 0.1 for CO2-pseudocomponents.
The NM uses 0.0 for N2-COz2, 0.1 for N2-C;, where 1 <i <6, 0.13 for N>-pseudocomponents, and 0.1 for
CO2-hydrocarbons.

In the following subsections, phase behavior predictions based on the NM and CMwV are compared
with the pseudo data. Tables 3-S1, 3-S2, 3-S3, and 3-S4 (in the supporting information) give the
resulting fluid models for oil 3 (13.38°API) and oil 6 (24.25°API) using the NM and CMwV. These models

are used in many of the comparisons presented below.

3.5.1. P-T Predictions

We first present the comparisons in terms of P-T predictions. Heavy-oil/solvent mixtures often exhibit
three hydrocarbon-phases near the vapor pressures of the solvent components. The three phases
consist of the gaseous (V), oleic (L1), and solvent-rich liquid (Lz2) phases (e.g., Mohanty et al. 1995;
Polishuk et al. 2004). Figures 3-10 and 3-11 show the 2-phase and 3-phase envelopes for a mixture
of 10% oil 6 and 90% C2. The CMwV gives the V-L1 and V-Li-L2 regions that are much smaller than
those predicted by the NM. The NM predictions are in good agreement with the pseudo data points.
The NM predictions are more accurate for lower temperatures. The three-phase envelope predicted by
the NM almost coincides with data.

The deviation of the CMwV predictions from the pseudo data is more significant for a mixture of 10%
oil 6 and 90% Cs. Figure 3-12 shows that the CMwV results in an erroneous two-phase envelope for
this mixture. The NM correctly generates the phase behavior predictions. Figure 3-13 shows that the
NM predicts a three-phase envelope that is close to the data points. The three-phase behavior predicted
by the CMwV occurs in a much smaller P-T region apart from the correct three-phase region based on
the pseudo data and the NM.
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The accuracy of the NM for Li-L2-V phase behavior is remarkable considering that the complex
phase behavior characteristic of highly asymmetric hydrocarbon mixtures is predicted using only four
pseudocomponents for the C7+ fraction. The reduced dimensionality in composition space does not
damage phase behavior predictions using the NM.

3.5.2. P-x Predictions

A P-x prediction presents a cross section of isothermal phase behavior between two compositions. This
subsection shows P-x predictions for the 0il-6/C1, 0il-6/C2, and 0il-6/CO2 pairs at the oil-6 reservoir
temperature 333.15 K. Figure 3-14 shows the P-x predictions along with pseudo data for the 0il-6/C+
pair. The NM and CMwV are accurate at low mixing ratios of C1. This is because the 11-component
models are fitted to Psat at the reservoir temperature at the oil composition. As the mixture composition
goes away from the oil composition, the CMwV predictions deviate from the pseudo data. The NM
accurately predicts the bubble-point pressures along the mixing line.

The advantage of the NM over the CMwV becomes more significant for P-x predictions for the oil-
6/C2 pair as shown in Fig. 15. At the C2 mixing ratio of 90%, the CMwV predicts a bubble point at 137.44
bars, which is approximately 39 bars lower than the pseudo data and the prediction by the NM.

Mixtures of CO2 and reservoir oil often exhibit continuous transition between L1-V and Ls-L2 phase
equilibria (Okuno et al. 2011) at low temperatures. Figure 3-16 presents such phase behavior for oil 6
and CO2 at 333.15 K. The NM accurately predicts the upper boundary of the two-phase region in P-x
space. The CMwV erroneously gives a smaller region for the immiscible two liquid phases.

Figure 3-17 shows saturated liquid densities predicted along the mixing line between oil 6 and the
equimolar C+-C2 mixture at 333.15 K. The density at the oil composition was used to create the EOS
fluid models. Therefore, the CMwV and NM are both accurate at lower mixing ratios of the solvent. As
the mixture composition goes away from the oil composition, however, the CMwV predictions deviate
from the NM predictions and the pseudo data. The results indicate that the fluid models based on the
CMwV cannot accurately represent phase equilibrium and volumetric properties at compositions away

from the oil composition.
3.5.3. T-x Predictions

A T-x diagram presents another important cross section of phase behavior, particularly when coinjection
of solvent and steam is considered for heavy-oil recovery. Figure 3-18 shows T-x predictions for oil-
3/Cs mixtures at 34.47 bars. The CMwV overpredicts saturation temperatures except for low Ce mixing
ratios, while the NM accurately predicts them along the mixing line. If the fluid model based on the
CMwV is used in reservoir simulation of solvent/steam coinjection, propagation of the solvent in the
reservoir can be significantly underestimated, resulting in erroneous reservoir performance forecasts.
The overprediction of saturation temperatures by the CMwV becomes more significant for higher
pressures. Figure 3-19 shows T-x predictions at 60.00 bars. The NM still predicts accurately the
saturation temperatures at all mixing ratios tested. However, the CMwV predicts much higher saturation

temperatures even at low Cs mixing ratios. The deviation at the Ce mixing ratio of 0.3 is 139 K. At Ce
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mixing ratios higher than 0.3, there are no saturation temperatures predicted by CMwV because the
cricondenbar becomes lower than 60.00 bars as can be seen in Figure 3-20.

3.5.4. Thermodynamic Minimum Miscibility Pressure (MMP) Calculation

The thermodynamic MMP is the minimum displacement pressure at which complete miscibility is
developed along the composition path from the injectant to the reservoir oil for one-dimensional flow in
the absence of dispersion (John and Orr 1996). The thermodynamic MMP is a widely used parameter
for design of solvent injection. In this subsection, the thermodynamic MMPs are calculated for 18 oils
in Table 3-1 at their reservoir temperatures. Two different injectants are considered; pure C1 and pure
COz2. For the C+ cases, the MMP calculations are performed based on the method of characteristics
using PVTsim. For the CO: cases, the mixing-cell method within PennPVT (Ahmadi and John 2011;
PennPVT) is used. MMP calculations are not shown for oils 1, 2, 4, and 18 because three phases are
present during the MMP calculations using the EOS fluid models for these oils based on the CMwioV
with 30 components.

Figure 3-21 compares the MMPs based on the NM with the pseudo data for 18 oils with Cx.
Although the C1-MMPs presented are calculated at different temperatures, the plots show that the
calculated C1-MMPs are higher for heavier oils. The accuracy of the MMPs observed for the wide variety
of oils indicates that the NM successfully retains compositional phase behavior using only four
pseudocomponents for the Cr+ fraction. Figure 3-22 shows that the C1-MMPs predicted based on the
CMwV are lower than the pseudo data. The deviation is more significant for heavier oils. The maximum
deviation of the C+-MMPs is 5.3% for the NM, but it is 34% for the CMwV. Figures 3-23 and 3-24 show
the comparisons of the NM with the CMwV in terms of the CO2-MMP. The maximum deviations of the
CO2-MMPs are 6.1% and 62% for the NM and the CMwV, respectively.

Figures 3-20 and 3-22 indicate that compositional phase behavior predictions are more erroneous
for heavier oils using the CMwV. This is because the CMwV uses density corrections through volume-
shift parameters. A larger amount of volume correction is required and performed for heavier oils in the
CMwV as shown in Tables 3-S2 and 3-S4 in the supporting information (see also the Issues of the
Conventional Method subsection). However, the thermodynamic MMP considered here is a parameter
representing primarily compositional phase behavior, instead of volumetric phase behavior, of the fluid
system considered. Therefore, the separation of volumetric from compositional phase behavior
predictions causes errors in MMP predictions.

3.5.5. 1-D Displacement Simulation Case Study

Solvent injection for heavy-oil recovery is typically conducted under partially miscible conditions. In such
displacements, the oil recovery history depends on how components propagate with the throughput of
injectant. Fluid characterization can significantly affect oil recovery predictions because interaction of
phase behavior and fluid flow determines components’ propagation in a reservoir. This simulation case

study aims to compare predictions of components’ propagation using the NM and CM.
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We present 1-D isothermal displacement of oil 6 with the equimolar C1/C2 mixture under partially
miscible conditions. The MMP calculated for this case is 412.23 bars using the CMwoV with 30
components. Using 11 components, it is 413.34 bars and 327.23 bars based on the NM and the CMwV,
respectively (see Tables 3-S3 and 3-S4 in the supporting information for the fluid models). Input data
for the simulations using the GEM simulator of Computer Modelling Group (CMG 2011) are given in
Table 3-2. Figures 3-25 and 3-26 present predictions of density and viscosity using the NM, CMwV
and CMw,V along with experimental data. Viscosity was matched using PVTsim by adjusting only V¢
of pseudocomponents using the LBC method (Lohrenz et al. 1964). The injection and production
pressures are fixed at 203.45 bars and 200 bars, respectively. The small pressure difference is used to
make pressure variation in the reservoir small. Simulation results based on the CMwoV with 30
components are used as pseudo data. Simulation results based on the NM and CMwV are then
compared.

Figure 3-27 shows oil recovery predictions compared to the pseudo data. The recovery curves for
0.0-0.3 hydrocarbon pore-volumes injected (HCPVI) are not shown because they nearly coincide. Oil
recovery based on the NM is almost identical to the pseudo data. However, the CMwV results in oil
recovery simulation that is significantly overpredicted by approximately 8%. The overprediction is
consistent with other comparisons made in previous subsections, where the fluid models based on the
CMwV exhibit more miscibility in their phase diagrams and MMP calculations. To see the effect of
numerical dispersion on oil recovery simulation, the number of gridblocks is decreased from 250 to 50.
Figure 3-23 shows the same advantage of the NM over the CMwV under more dispersive conditions
(The previous subsection showed comparisons for the dispersion-free case). The number of gridblocks
is fixed to be 250 for further comparisons.

The different oil recovery histories are predicted because the NM and CMwV predict different
saturation profiles as shown in Figure 3-28. Figure 3-29 shows that the C+ fronts based on the NM and
CMwV deviate from each other, resulting in different predictions of gas breakthrough as can be seen in
Figure 3-23. Figure 3-24 also indicates the CMwV erroneously predicts faster propagation of heavy
components. Since the deviation of the CMwV shown in Figure 3-24 increases with the injectant

throughput, the simulation based on the CMwV becomes more erroneous later.

3.6. Conclusions

We developed a new method for fluid characterization using the PR EOS with the van der Waals mixing
rules. The method characterizes reservoir fluids using perturbations of Tc, Pc, and w from n-alkane
values. Tc, Pc, and w for n-alkanes used are based on our previous research, which are optimized for
the PR EOS for predictions of vapor pressures and liquid densities without volume shift. The optimized
reference values allow for robust regression using three perturbation factors fr, fr, and fm for Tc, Pc, and
w, respectively. In our regression, Pitzer’s definition of w is properly satisfied for each component. The
new characterization method was applied to 22 different reservoir oils. Comparisons were made

between the new and conventional characterization methods in terms of predictions of various phase
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diagrams, thermodynamic minimum miscibility pressures (MMPs), and 1-D oil displacement. The

conclusions are as follows:

o

The new method (NM) exhibits significant insensitivity of phase behavior predictions to the number
of components used for a plus fraction. Two- and three-phase behavior predictions in P-T-x space
using the NM with 11 components are almost identical to those using the conventional method
without volume shift (CMwioV) with 30 components.

The reliability of the NM is also observed for MMP calculations and 1-D oil displacement simulations.
Oil displacement predictions based on the NM with 11 components are nearly identical to those
based on the CMwoV with 30 components. This is true even at different dispersion levels tested.
Results indicate that the NM can reduce the dimensionality of composition space while keeping
accurate phase behavior predictions along composition paths at different dispersion levels.

The NM does not require volume-shift parameters to accurately predict compositional and
volumetric phase behaviors. The conventional method with volume shift (CMwV) separates
volumetric phase behavior predictions from compositional phase behavior predictions. This
separation should be carefully used especially for heavy-oil characterization. Our results show that
the CMwV with 11 components yields erroneous phase behavior predictions, which typically show
significantly smaller two- and three-phase regions in P-T-x space. The advantage of the NM over
the CMwV in phase behavior predictions is more significant for P-T-x conditions away from those
used for parameter regression.

The new regression algorithm developed searches for an optimum set of Tc, Pc, and w for
pseudocomponents using physically justified search directions starting from the well-defined initial
values. Unlike in the CM, robust convergence of Tc, Pc, and w does not require step-wise manual
adjustments of parameters. The automatic regression process in the NM took only a few minutes
per oil for the 22 oils characterized.

The perturbation factors fr, fr, and fn developed in this research are unity for n-alkanes. The
perturbation factors capture physical trends that can be derived from the literature; e.g., for a given
molecular weight, Tc and Pc are lower and w is larger for paraffins compared to other types of
hydrocarbon compounds. For the 22 oils characterized in this research, the converged fr and fp
values are all greater than 1.0, and the converged fm values are all smaller than 1.0. Deviations of
fr, fe, and fm from unity can be physically interpreted as deviations of the plus fractions from n-alkane
mixtures.

The NM requires no changes in the current compositional simulation formulation because it uses

the PR EOS with the van der Waals mixing rules.
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3.7. Nomenclature

Roman Symbols

a = Attraction parameter in a cubic equation of state
A = Aromatic

Amix = Attraction parameter for a mixture in a cubic equation of state
b = Covolume parameter in a cubic equation of state
Bmix = Covoulme parameter for a mixture in a cubic equation of state
Cren = Peneloux volume-shift parameter

m = Parameter in the Peng—Robinson EOS (1978) defined in Equation 3-2 and 3-3
D = Dimension

fm = Perturbation factor for the m parameter

fe = Perturbation factor for critical pressure

fr = Perturbation factor for critical temperature

Afm = Step size for fm

Afp = Step size for fp

Afr = Step size for fr

ma = Acentric factor for aromatics

k = Number of density data

mp = Acentric factor for paraffins

n = Number of pseudocomponents

N = Napthenes

p = Pressure, bar

P = Paraffins

Pc = Critical pressure, bar

Pca = Critical pressure of aromatics, bar

Pcp = Critical pressure of paraffins, bar

R = Universal gas constant

T = Temperature, K

Tc = Critical temperature, K

Tea = Critical temperature of aromatics, K

Tep = Critical temperature of paraffins, K

TOL = Tolerance

v = Molar volume, gm/mol

Ve = Critical volume, gm/mol

Abbreviations

°API = API (American Petroleum Institute) gravity
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BIP = Binary interaction parameter

CM = Conventional (characterization) method

CMwV = Conventional (characterization) method using volume shift
CMwoV = Conventional (characterization) method without using volume shift
CN = Carbon number

EOR = Enhanced oil recovery

EOS = Equation of state

HCPVI = Hydrocarbon pore-volume injected

MMP = Minimum miscibility pressure, bar

MW = Molecular weight, gm/mol

NM = New (characterization) method

PC = Pseudocomponent

PNA = Paraffin-napthene-aromatic

PR = Peng-Robinson

P-T-x = Pressure-temperature-composition

SRK = Soave-Redlich-Kwong

Greek symbols

1) = Average absolute deviation for density given by Equation 3-9

€ = Average absolute deviation for saturation pressure given by Equation 3-13
Q, = Constant term in the attraction parameter of a cubic EOS

Q, = Constant term in the covolume parameter of a cubic EOS

Y = Absolute % deviation given by Equation 3-8

w = Acentric factor
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Table 3-1. Twenty two reservoir oils characterized in this research and converged fr, fe, and
fm values using the new characterization method

Oil References MW °API Tres k# fr fp fm
No. (gm/mol) (K)
1 Quifiones-Cisneros et al. (2005), Oil-8 443.08 9.50 322.05 13 212110 1.74580 0.359
2 Quinones-Cisneros et al. (2005), Oil-7 431.59 11.63 322.05 12 1.71016  1.65705 0.368
3 Quifones-Cisneros et al. (2004a), Oil-6 377.88 13.38 322.05 13 2.91379 1.83307 0.246
4 Quifiones-Cisneros et al. (2004a), Oil-5 422.94 11.98 322.05 13 1.81952 1.67153 0.379
5  Quifiones-Cisneros et al. (2004a), Oil-1  170.59 20.81 33040 16 2.94230 1.78866 0.406
6  Quifones-Cisneros et al. (2004b), Oil-8 182.05 24.25 333.15 16 2.81319 1.91049 0.429
7 Quifones-Cisneros et al. (2004b), Oil-7 159.99 29.24 33040 16 231276  1.74384 0.440
8  Quinones-Cisneros et al. (2004b), Oil-6 118.18 35.61 346.15 5 2.08100 1.71149 0.434
9  Quifones-Cisneros et al. (2004b), Oil-5 130.55 28.30 337.85 3 2.89841 1.84940 0.453
10 Quifiones-Cisneros et al. (2004b), Oil-4 114.57 33.35 337.85 6 246282 1.74305 0.493
11 Quifiones-Cisneros et al. (2004b), Oil-3  87.80 40.46 337.25 5 2.35278 1.64743 0.554
12 Quifiones-Cisneros et al. (2004b), Oil-2  89.83 47.63 366.45 11 2.09759 1.47213 0.540
13  Quifiones-Cisneros et al. (2004b), Oil-1  86.57 60.18 42760 13 1.39453 1.18216 0.641
14 Oil* 296.90 22.60* 357.50 13 2.19267 1.61825 0.309
15 Coats and Smart (1986), Oil-1 123.79 34.04 3565.37 8 2.63596 1.84711 0.402
16 Coats and Smart (1986), Oil-6 83.31 55.73 385.37 20 2.06638 1.44575 0.453
17 Coats and Smart (1986), Oil-7 113.60 45.03 328.15 20 1.95919 1.47130 0.500
18 Quifiones-Cisneros et al. (2003), Oil-5  240.24 20.19 34593 15 1.65725 1.57795 0.585
19 Quifiones-Cisneros et al. (2003), Oil-4  167.03 25.70 34495 11 212027 1.68612 0.588
20 Quinones-Cisneros et al. (2003), Oil-3  114.65 34.24 33785 12 2.04203 1.60648 0.616
21 Cullick et al. (1989), Light Oil 105.28 43.68 377.59 8 1.99705 1.54570 0.414
22 Pedersen et al. (1992), Fluid-1 124.57 35.73 344.75 8 1.86796 1.54972 0.614
"This is an actual oil, but the source is not mentioned for confidentiality.
*As reported. All other densities are calculated values.
#k is number of density data in Equation 3-9.

Table 3-2. Input parameters used in the 1-D simulation case study

No. of gridblocks 250 Reservoir pressure 200 bars

Grid dimensions 3.05mx3.05mx1.52m Reservoir temperature 333.15K

Permeability 1500 mD Production pressure 200 bars

::;?tzgfgﬁ saturation 8;5 Injection pressure 203.45 bars

Initial water saturation 0.2 Injection gas CH,:C;Hs (50:50)
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Figure 3-1. Differences between aromatics and paraffins for critical temperature, TCA-TCP, based on
the correlations of Riazi and Al-Sahhaf (1996) and Equation 3-4.

Tca using Equation 3-4 assumes three different fr values for aromatics, 1.25, 1.40, and 1.60. Tcp using
Equation 3-4 uses fr of 1.0.
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Figure 3-2. Differences between aromatics and paraffins for critical pressure, Pca-Pcp, based on the
correlations of Riazi and Al-Sahhaf (1996), Pan et al. (1997), and Equation 3-5.

Pca using Equation 3-5 assumes three different fp values for aromatics, 1.75, 2.30, and 3.0. Pcp using
Equation 3-5 uses fep of 1.0. The correlation of Pan et al. (1997) is used for molecular weight larger than
300 gm/mol.
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Figure 3-3. Differences between aromatics and paraffins for the m parameter, mP-mA, based on the
correlations of Riazi and Al-Sahhaf (1996), Pan et al. (1997), and Equation 3-6.

The m parameter is defined in Equations 3-2 and 3-3. ma using Equation 3-6 assumes three different
fm values for aromatics, 0.60, 0.65, and 0.70. mp using Equation 3-6 uses fm of 1.0. The correlation of
Riazi and Al-Sahhaf (1996) is used for mp, and the correlation of Pan et al. (1997) is used for ma.
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Figure 3-4. Convergence behavior for the € function (Equation 3-13) with fm, for oils 5, 6, and 9 given in
Table 3-1.

The regression algorithm (Figure 3-S2 in the supporting information) finds an optimum set of fr, fe, and
fm at the minimum shown for each oil.
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Figure 3-5. The converged fr values for the 22 different oils in Table 3-1.
The regression algorithm (Figure 3-S2 in the supporting information) starts with fr =1.0, and searches

for an optimum fr in the increasing direction. Perturbation of fr from 1.0 qualitatively represents deviation
of a plus fraction from a n-alkane mixture.
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Figure 3-6. The converged fr values for the 22 different oils in Table 3-1.
The regression algorithm (Figure 3-S2 in the supporting information) starts with fr =1.0, and searches

for an optimum fp in the increasing direction. Perturbation of fp from 1.0 qualitatively represents deviation
of a plus fraction from an n-alkane mixture.
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Figure 3-7. The converged fm values for the 22 different oils in Table 3-1.
The regression algorithm (Figure 3-S2 in the supporting information) starts with fm based on Equation

3-7, and searches for an optimum fm in the increasing direction. Perturbation of fm from 1.0 qualitatively
represents deviation of a plus fraction from an n-alkane mixture.
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Figure 3-8. MMP calculated for Oil 6 with 100% methane at 333.15 K using CMwoV with different

numbers of pseudocomponents.
Eight pure components (N2, COz, C4, Cz, Cs, C4, Cs, and Ce) are used with 4, 8, 12, 16, 20, and 22

pseudocomponents. The variation of calculated MMP becomes insignificant for more than 16
pseudocomponents.
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Figure 3-9. MMP calculated for Qil 6 with 100% CO: at 333.15 K using CMwoV with different numbers

of pseudo components.
Eight pure components (N2, COz, C4, Cz, Cs, C4, Cs, and Ce) are used with 4, 8, 12, 16, 20, and 22

pseudocomponents. The variation of calculated MMP becomes insignificant for more than 16
pseudocomponents.
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Figure 3-10. Two-phase P-T diagrams for a mixture of oil 6 10% and C2 90% based on the NM and the

CMwV.
The 11-component models for oil 6 are given in Tables 3-S3 and 3-S4 in the supporting information.

The pseudo data are generated using the conventional method without using volume shift parameters
(CMwioV) with 30 components.
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Figure 3-11. Three-phase P-T diagrams for a mixture of oil 6 10% and C2 90% based on the NM and
the CMwV.

The 11-component models for oil 6 are given in Tables 3-S3 and 3-S4 in the supporting information.
The pseudo data are generated using the CMwoV with 30 components.
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Figure 3-12. Two-phase P-T diagrams for a mixture of oil 6 10% and Cs 90% based on the NM and the
CMwV.
The 11-component models for oil 6 are given in Tables 3-S3 and 3-S4 in the supporting information.

The pseudo data are generated using the CMw,oV with 30 components.
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Figure 3-13. Three-phase P-T diagrams for a mixture of oil 6 10% and Cs 90% based on the NM and
the CMwV.
The 11-component models for oil 6 are given in Tables 3-S3 and 3-S4 in the supporting information.

The pseudo data are generated using the CMw,oV with 30 components.
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Figure 3-14. P-x diagrams for the 0il-6/C1 pseudo binary pair at 333.15 K based on the NM and CMwV
with 11 components.
The 11-component models are given in Tables 3-S3 and 3-S4 in the supporting information. The pseudo

data are generated using the CMwoV with 30 components.
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Figure 3-15. P-x diagrams for the 0il-6/C2 pseudo binary pair at 333.15 K based on the NM and CMwV
with 11 components.
The 11-component models are given in Tables 3-S3 and 3-S4 in the supporting information. The pseudo

data are generated using the CMwioV with 30 components.
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Figure 3-16. P-x diagrams for the 0il-6/CO2 pseudo binary pair at 333.15 K based on the NM and CMwV
with 11 components.
The 11-component models are given in Tables 3-S3 and 3-S4 in the supporting information. The pseudo

data are generated using the CMwoV with 30 components.
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Figure 3-17. Saturated liquid densities for mixtures of oil 6 and the equimolar C1-C2 mixture at 333.15
K

The 11-component models based on the NW and the CMwV are given in Tables 3-S3 and 3-S4 in the

supporting information, respectively. The pseudo data are generated using the CMwoV with 30
components.
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Figure 3-18. T-x diagrams for the 0il-3/Ces pseudo binary pair at 34.47 bars.
The 11-component models based on the NW and the CMwV are given in Tables 3-S1 and 3-S2 in the

supporting information, respectively. The pseudo data are generated using the CMwoV with 30
components.
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Figure 3-19. T-x diagrams for the 0il-3/Ces pseudo binary pair at 60.00 bars.
The 11-component models based on the NW and the CMwV are given in Tables 3-S1 and 3-S2 in the

supporting information, respectively. The pseudo data are generated using the CMwoV with 30
components.
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Figure 3-20. Two-phase PT diagrams for mixtures of oil 3 and Cs at three different Cs mixing ratios, 0.1,
0.3, and 0.4.

At the Ce mixing ratio of 0.4, there is no two-phase region at 60.0 bars, which can be also seen in Figure
3-17.
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Figure 3-21. Comparison of MMP calculations for 22 oils in Table 3-1 based on the NM with 11

components and the CMwoV with 30 components.
The injection gas is pure methane. The MMPs for 18 oils are calculated at their own reservoir

temperatures, which are different from one another. The two trend lines for the NW with 11 components
and the CMwoV with 30 components almost overlap each other.
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Figure 3-22. Comparison of MMP calculations for 22 oils in Table 3-1 based on the CMwV with 11
components and the CMwoV with 30 components.
The injection gas is pure methane. The MMPs for 18 oils are calculated at their own reservoir

temperatures, which are different from one another. The two trend lines for the CMwV with 11
components and the CMw/oV with 30 components deviate from each other as the API gravity becomes
smaller.
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Figure 3-23. Comparison of MMP calculations for 18 oils in Table 3-1 based on the NM with 11
components and the CMwoV with 30 components.
The injection gas is pure CO2. The MMPs for 18 oils are calculated at their own reservoir temperatures,

which are different from one another. The two trend lines for the NW with 11 components and the
CMwioV with 30 components are close to each other.
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Figure 3-24. Comparison of MMP calculations for 18 oils in Table 3-1 based on the CMwV with 11
components and the CMwoV with 30 components.
The injection gas is pure CO2. The MMPs for 18 oils are calculated at their own reservoir temperatures,

which are different from one another. The two trend lines for the CMwV with 11 components and the
CMuwioV with 30 components deviate from each other as the API gravity becomes smaller.
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Figure 3-25. Measured and calculated densities for oil 6 at 333.15 K.

Adjustment of pseudocomponents’ Tc, Pc, and w is performed for the NM with 11 components, and the
CMwioV with 30 components. The CMwV with 11 components adjusts only volume shift parameters of
pseudocomponents to match densities.
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Figure 3-26. Measured and calculated viscosities for oil 6 at 333.15 K.
Adjustment of Vc was performed for pseudocomponents to match viscosities using the LBC method for
the NM and CMwV with 11 components, and the CMwoV with 30 components.
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Figure 3-27. Oil recovery predictions in 1-D oil displacement simulations based on the NM and CMwV
with 11 components, along with pseudo data points generated from the CMwoV with 30 components.
Oil 6 is displaced by the equimolar C+/C2 mixture at 333.15 K at 200 bars, which is below MMP. Input

parameters are given in Table 3-2. The recovery curves for 0.0-0.3 HCPVI nearly coincide, and they
are not shown.

— NM with 11 Components
Pseudo Data

08 | — CM,V with 11 Components ]

06

Qil Saturation

04

0.2 : : .
0.0 0.2 0.4 0.6 0.8 1.0

Dimensioless Distance

Figure 3-28. Oil saturation profiles at 0.4 HCPVI for the 0il-6 displacement with the equimolar C1/Cz

mixture at 333.15 K and 200 bars.
Predictions using the NM and CMwV with 11 components are shown along with pseudo data generated

from the CMwioV with 30 components.
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Figure 3-29. Concentration profiles for C1 at 0.4 HCPVI for the oil-6 displacement with the equimolar

C4/C2 mixture at 333.15 K and 200 bars.
Predictions using the NM and CMwV with 11 components are shown along with pseudo data generated

from the CMw/oV with 30 components.
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Chapter 4: Characterization of Reservoir Fluids using an EOS based on

Perturbation from n-Alkanes

A version of this has been published in Fluid Phase Equilibria, Year (2013), Volume:
358, Pages: 250-271.
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4.1. Introduction

Compositional modeling is widely used to simulate enhanced oil recovery and recovery of gas
condensates and volatile oils. Reliability of compositional simulation can depend significantly on the
phase behavior model used in the simulation. Cubic equations of state (EOSs), such as the Peng-
Robinson (PR) EOS (Peng and Robinson 1976, 1978), are used to calculate phase behavior in
compositional simulation. These cubic EOSs along with the van der Waals mixing rules give reasonable
accuracy and high computational efficiency for vapor-liquid equilibrium of reservoir fluids.

Characterization of reservoir fluids using a cubic EOS is conducted based on experimental data
available, which typically consist of composition analysis and pressure-volume-temperature (PVT) data.
Compositional analysis provides the concentrations of light components (e.g., up to Cs) and a plus
fraction (e.g., C7+), and the density of the plus fraction at atmospheric conditions. The compositional
uncertainty left as a plus fraction becomes higher for heavier fluids (Kumar and Okuno 2012a). PVT
measurements are performed at selected pressure-temperature-composition (P-T-x) conditions. It is
difficult to predict and cover reservoir P-T-x conditions, which result from fluid and energy flow in a
heterogeneous reservoir, in laboratory measurements. Thus, reservoir fluid characterization is
performed under unavoidable uncertainties in composition and phase behavior data in P-T-x space.
However, theory has not been established, based on which engineers can perform reliable fluid
characterization using a cubic EOS under such uncertainties.

A typical characterization process consists of four main steps (Whitson and Brulé 2000; Pedersen
and Christensen 2007) as follows:

Step 1. Estimation of a molar distribution with respect to molecular weight (MW) or carbon number (CN)
to split the plus fraction into detailed components.

Step 2. Estimation of properties for the detailed components such as critical temperature (Tc), critical
pressure (Pc), critical volume (Vc), acentric factor (w), and volume-shift parameters.

Step 3. Grouping of the detailed components into fewer pseudocomponents.

Step 4. Regression of pseudocomponents’ properties to match experimental data available.

The parameter regression in step 4 is often needed because steps 1-3 make certain assumptions
causing deviations of predictions from actual phase behavior. For example, various correlations used
in step 2 were developed for an EOS to reproduce the critical point and vapor pressure for the
pseudocomponent of a given CN. Use of such correlations implicitly assumes a certain distribution of
hydrocarbon types within that CN group (e.g., paraffins, naphthenes, and aromatics, or PNA
distribution). Furthermore, unless volume shift is used, a cubic EOS is inaccurate in prediction of liquid
densities even if accurate critical parameters and acentric factor are known and used (Peneloux et al.
1982; Jhaveri and Youngren 1988; Sgreide 1989).

Current best practice for step 4 is step-wise manual adjustment of parameters to match experimental
data available. Simultaneous regression of various parameters using software as a black box is not

recommended (Kumar and Okuno 2012a). The adjustment parameters often used include Tc, Pc, Ve,
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w, volume-shift parameters, and binary interaction parameters (BIPs) for pseudocomponents. Special
care must be taken by experienced engineers to ensure physically acceptable trends of adjustment
parameters with respect to MW or CN (Wang and Pope, 2001). Even with this best practice, different
fluid models are created depending on selection of adjustment parameters and the adjustment amounts
(Lolley and Richardson 1997). Since parameter adjustments are conducted with little physical
justification, it is unclear whether the resulting fluid model is reliable when used in compositional
simulation to predict oil and gas recovery.

The various issues described above indicate that theory should be developed for reliable fluid
characterization using a cubic EOS under uncertainties in composition and phase behavior data in P-T-
x space. One of the main reasons for the lack of theory is likely the unknown, implicit, non-linear
relationship between phase behavior predictions and adjustment parameters such as Tc, Pc, Ve, w,
volume-shift parameters, and BIPs.

Different characterization methods have been proposed for different reservoir fluids (Whitson 1983;
Stamataki and Magoulas 2001; Montel and Gouel 1984; Leibovici 1984; Lomeland and Harstad 1995);
for example, gas condensates (Yarborough 1979; Lawal et al. 1985; Pedersen et al. 1988; Guo and Du
1989), volatile oils (Peneloux et al. 1979; Whitson and Torp 1983), near-critical fluids (Zuo and Zhang
2000; Al-Meshari and McCain 2006; Hosein and Dawe 2011; Hosein et al. 2013), and heavy oils
(Krejbjerg and Pedersen 2006; Ghasemi et al. 2011). However, P-T-x space that phase behavior spans
is continuous. Although size-asymmetric mixtures can be difficult to model using a cubic EOS with the
van der Waals mixing rules (Gregorowicz and De Loos 2011; Harismiadis et al. 1991), it will substantially
benefit the petroleum industry if continuous modeling of all types of reservoir fluids becomes possible
using a simple cubic EOS.

In our previous research, a method was developed for heavy-oil characterization using the PR EOS
with the van der Waals mixing rules without volume shift (Kumar and Okuno 2012a). Uncertainty issues
in heavy-oil characterization were addressed based on the concept of perturbation from n-alkanes (the
PnA method). Pseudocomponents were initially assigned Tc, Pc, and w that were optimized for n-
alkanes in terms of liquid densities and vapor pressures using the PR EOS (Kumar and Okuno 2012b).
The optimized reference values allowed for well-defined directions for perturbation of
pseudocomponents’ Tc, Pc, and w to match PVT data available. We presented that robust regression
using the PnA method required only three perturbation parameters to match volumetric and
compositional phase behaviors with no volume shift. Important physical considerations used in the
development of this PnA method include the following:

(1) A PNA distribution of a plus fraction is interpreted as a perturbation from the limiting distribution

of 100% n-alkanes.

(2) Tc and Pc of n-alkane are lower than those of other types of hydrocarbons (e.g., aromatics)

within a given CN group. The trend is the other way around for w.
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(3) Without using volume shift, compositional and volumetric phase behaviors are properly coupled,

and density data are effectively used.

(4) Pitzer’s definition of w (Pitzer 1955; Pitzer et al. 1955) is satisfied for all pseudocomponents.

In this paper, we extend the PnA method to lighter fluids, such as gas condensates, volatile oils, and
near-critical fluids. The main novelty of the new PnA method is that it considers proper variations of the
attraction and covolume parameters of pseudocomponents based on the component distribution
determined in the first characterization step. This physical consideration added is more important for
lighter fluids. The new PnA method naturally reduces to the previous PnA method for heavy oils.

In the subsequent sections, we first discuss effects of volume shift on the Gibbs free energy and
phase behavior predictions. The extension of the PnA method is then discussed in detail, where the
importance of considering the interrelationship between the attraction and covolume parameters is
explained. After that, the extended PnA method is applied to 77 different reservoir fluids, consisting of
34 heavy and black oils, 12 volatile oils, and 31 gas condensates. Six fluids are near critical among

them. The universal applicability of the PnA method is conclusively shown in these applications.

4.2. Effect of Volume-Shift Parameter Regression on Gibbs Free Energy

Volume-shift parameters are widely used to correct volumetric predictions from a cubic EOS. Volume-
shift parameters alter the form of a cubic EOS, but not the form of the fugacity equations. Therefore,
volume shift can be performed separately from compositional behavior predictions (Peneloux et al. 1982;
Jhaveri and Youngren 1988). Volume shift, however, affects compositional behavior predictions when
used as regression parameters in fluid characterization.

Kumar and Okuno (2012a) conducted comparisons of phase behavior predictions from two
characterization methods using the PR EOS; one without volume shift and the other with volume shift.
Although the two characterizations were equally accurate at the P-T-x conditions used in the regression,
the latter gave erroneous phase behavior predictions at other P-T-x conditions. The deviation between
the two characterizations was more significant for heavier oils since heavier oils tend to require more
volume correction using the PR EOS.

In this section, we discuss the effects of volume shift in fluid characterization on phase behavior
predictions. Volumetric phase behavior predictions are solved for in solution of a cubic equation, which
contains volume-shift parameters (if used), Tc, Pc, w, and BIPs. Thus, two different characterizations
that give the same volumetric predictions have different sets of Tc, Pc, w, BIPs, and volume-shift
parameters.

Compositional phase behavior predictions are determined by the parameters that form the single-
phase Gibbs free energy (i.e., the Gibbs free energy calculated assuming a stable single-phase state
even in multiphase regions). Let us consider two characterizations for a given fluid that yield the same
volumetric predictions; one without volume shift and the other with volume shift. The parameter set is
(Tc, Pc, w, k)*° for the former, and is (Tc, Pc, w, k, c)* for the latter. The underlines for Tc, Pc, w, and
¢ indicate vectors consisting of Nc elements, where Nc is the number of components. c is a vector for
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Nc volume-shift parameters. k is a BIP matrix consisting of kjj (i=1, 2,..., Nc,and j =1, 2,..., N¢). For
the two cases, the dimensionless molar Gibbs free energy change on mixing, g, at a given T, P, and

overall composition (z) is the following:

wo _ (Amixg) 21n 2%;(Tc PcwkTPz)" (4-1)
& RT Lis 1 Z @i(TciPciwi T,P)VO
w _ (BmixG\" 2i9;(TcPcw.kTPz) eXp( T) _ vNc 2%;(Tc PcwkTPz)"
g = 21 1 1 Zi—l ilrl W (4'2)
RT (pl(Tcl,Pcl,ml,T,P)Wexp( ) - ¢i(Tci,Pciwi,T,P)

where o; is the fugacity coefficient for pure component i, and o, is the fugacity coefficient of component
i in a mixture of overall composition z. A single phase is assumed. Equations 4-1 and 4-2 show that
two different sets of parameters give two different single-phase Gibbs free energy surfaces in P-T-x
space.

For example, an oil is characterized as a ternary fluid using the PR EOS with and without volume
shift as shown in Table 4-1. Actual compositional simulation studies often require a larger number of
components. Use of only three components in this case study is to visually demonstrate the volume-
shift effects in a simple manner. The ternary fluid consists of the L, |, and H components. All BIPs are
zero for the two characterizations without loss of generality of the discussion. The two characterizations
are equally accurate in calculation of the saturation pressure, 196.48 bars, at the reservoir temperature
330.4 K and oil densities at 276.3, 258.5, 223.6, 196.5, 175.2, 144.6, 103.0, 62.3, 41.0, and 7.1 bars at
330.4 K. However, the two characterizations have different properties for the H component.

Figures 4-1 and 4-2 show g"° and g, respectively, in composition space at 196.48 bars and 330.4
K based on the parameters given in Table 4-1 and Equations 4-1 and 4-2. The contour lines are equally
spaced. The difference between g¥° and g is not obvious in the figures, but g*° exhibits a deeper valley
than g¥ in this case. Although volume shift does not change the form of fugacity equations, different set
of parameters (the w and wo cases) results in different phase equilibria. For the two cases, the fugacity

equations for liquid-vapor (L-V) equilibrium at a given T, P, and overall composition is the following:

X°p (T P 0 b TP x)"™ = %) (To B o K T,Ry) (4-3)
w
X3y (To P 0 K T.Px)" = y"@) (1o Pow,k T,P,y) (4-4)

foralli, wherei=1,2,..,Nc, and x and y are the liquid and vapor phase composition vectors, respectively.
Equations 4-3 and 4-4 are solved on the Gibbs free energy shown in Figures 4-1 and 4-2. Results are
presented in Figures 4-3 and 4-4. The two-phase envelope without volume shift is larger than that with
volume shift at 196.48 bars and 330.4 K in this case. The two characterizations give similar predictions
near the oil composition. However, the difference becomes significant in the region away from the oil

composition.

98



The different immiscibilities predicted can result in a large difference in the minimum miscibility
pressure (MMP) for the two characterizations. For example, the MMP calculated at 330.4 K for the
injection gas of 40% L and 60% | is 351.86 bars without volume shift and 250.75 bars with volume shift.
This simple case study clearly shows that the effects of volume shift can be quite significant on oil
recovery predictions. Since P-T-x conditions used in laboratory measurements cannot cover actual
reservoir conditions encountered in reservoir processes, the volume-shift effects in P-T-x space should
be considered in fluid characterization. The PnA method does not require volume shift to accurately
predict volumetric and compositional phase behaviors. Therefore, the PnA method uses no volume

shift, and properly couples the two types of phase behavior.

4.3. Extension of the Perturbation from n-Alkanes (PnA) method

The PnA method previously presented in Kumar and Okuno (2012a) successfully characterized heavy
oils with the PR EOS as described in the introduction section. It required only three adjustment
parameters fr, fr, and fm to perturb Tc, Pc, and w of pseudocomponents, respectively. The fm
perturbation parameter was used for the m parameter, a one-to-one function of w used in the
temperature-dependent term in the attraction term of the PR EOS. The perturbations were performed
in well-defined directions from the n-alkane values of Kumar and Okuno (2012b). A single value for
each of the three adjustment parameters was successfully applied for all pseudocomponents for heavy-
oil characterization.

In this section, the PnA method is extended to characterize other types of reservoir fluids without
loss of simplicity. A fourth adjustment parameter is introduced to consider proper trends of the attraction
and covolume parameters of the PR EOS with respect to MW (or CN) depending on the overall
composition of the fluid to be characterized. The main novelty of this research lies in here.

4.3.1. Overall Composition

The chi-squared distribution function is used in the composition characterization step in the PnA method.
More complicated functions like the gamma (I') distribution function can also be used. However, the
chi-squared distribution function can characterize the degree of skew, which is the key information

required in the new PnA method, using the p parameter in

_p S (B_
fais = %;)(21) (4-5)
Equation 4-5 expresses the probability density for the S variable, which is MW or CN in the context of
composition characterization. The p parameter increases with decreasing API gravity in general. Its
practical values range between 2 and 10 (Quifiones-Cisneros et al. 2004a, 2004b). Figure 4-5 shows
chi-squared distributions for different p values. The compositional characterization method using

Equation 4-5 is described in detail in Quifiones-Cisneros et al. (2004b), and is not duplicated here.
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4.3.2. Critical Parameters for n-Alkanes and Their Internal Consistency

A plus fraction contains a variety of compounds, such as paraffins, naphthenes, and aromatics (PNA).
Conventional characterization methods assume implicitly a certain PNA distribution in their critical
parameter estimation as described in the introduction section. In the PnA method, the PNA distribution
of a plus fraction is initially set to be the limiting distribution of 100% n-alkanes, and then characterized
explicitly in the regression algorithm. Thus, pseudocomponents are initially assigned the n-alkane
values for Tc, Pc, and m based on the correlations of Kumar and Okuno (2012b). The MW in the
correlations was adjusted by perturbation parameters fr, fr, and fm in Kumar and Okuno (2012a)
(Equations 4-6 to 4-8);

Tc = 1154.35 — 844.83(1.0 + 1.7557 X 10~ 3fMW)~2° (4-6)
—0.638
Pc = 559.93 (%) —1.49 (4-7)
fp
_( 39.933)

m = 0.4707 + 2.4831(f, MW) \fmmw (4-8)
The m parameter is function of w as shown in Equations 4-9 and 4-10:

m = 0.37464 + 1.54226w — 0.269920? for o < 0.3984 (4-9)
m = 0.379642 + 1.485030 — 0.164423w? + 0.016666w> for ® = 0.3984. (4-10)

Equations 4-6 to 4-8 reduce to the original correlations of Kumar and Okuno (2012b) for n-alkanes
when the perturbation parameters are 1.0. These correlations were developed using Tc, Pc, and m
optimized for n-alkanes from C7 to C1oo in terms of the vapor pressure and liquid density using the PR
EOS without volume shift. These correlations yield 3.0% and 3.4% AAD for density and vapor pressure
predictions, respectively.

Use of the correlations of Kumar and Okuno (2012b) with the PR EOS satisfies Pitzer’s definition of
w for each n-alkane. That is, the vapor pressure (Pvari) calculated at 0.7Tc using the PR EOS with Tc,

Pc, and w is equal to the vapor pressure (Pvari) from Equation 4-11.
(Pyap)at =07 = 107 +)P, (4-11)

using Pc and w. This internal consistency of Tc, Pc, and w was also satisfied for each pseudocomponent
in the regression algorithm of Kumar and Okuno (2012a) by minimizing the ¢ function as shown in
Equation 4-12.

€= %Z?:l abs(Pyapr — Pyapin) (4-12)
where n is the number of pseudocomponents. A minimum in ¢ typically occurs when the m
parameter for one of the pseudocomponents falls in a range between 0.94 and 0.96. The internal

consistency is satisfied when one of the pseudocomponents has an m parameter value of 0.946 in the

new algorithm presented later.
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4.3.3. Attraction and Covolume Parameters

Equations 4-6 to 4-8 use a single value for each of the three perturbation parameters for all
pseudocomponents. This uniform perturbation was successful in the previous PnA method for
characterizing heavy oils. In this research, the PNA distribution of a plus fraction is characterized more
mechanistically.

Yarborough (1978) presented trend curves for specific gravity (SG) at 288.15 K and 1.01325 bars
as a function of CN and “aromaticity”. The aromaticity parameter was defined as the percentage of total
carbon atoms in a molecule, which are within the benzene ring. In our opinion, however, aromaticity in
his presentation should be interpreted as deviation from n-alkanes. For example, naphthenes cannot
be well-defined using aromaticity, but their standard SG trend was shown to be much higher than that
of n-alkanes. Nevertheless, the term “aromaticity”, instead of deviation from n-alkane, is used for brevity
in this paper. In Yarborough'’s presentation, CN ranged from 7 to 40, and aromaticity from 0 to 80. The
standard SG trend curves for the aromaticity levels of 10 and 60 are reproduced in Figure 4-6. The
standard SG increases with CN and aromaticity. Although the trend curves of Yarborough are based
on the standard SG, we use them here to show qualitatively how perturbation should be done in different
regions of composition space.

Figure 4-6 also shows the standard SG calculated for the aromaticity levels of 10 and 60 using the
PR EOS with uniformly perturbed critical parameters. The uniform perturbations for the two aromaticity
levels were conducted by matching the standard SG of C7. Results show that the uniform perturbation
gives deviation from Yarborough'’s trend curves for higher CN. However, the deviation levels off at a
certain CN as shown in Figure 4-7.

We then match the SG trend curves for CNs from 8 to 40 using variable perturbation. Figure 4-8
shows the resulting perturbation parameters for CNs from 7 to 40 for the aromaticity level of 10. Uniform
perturbation is appropriate for the higher CN range, while sharply increasing perturbation is required for
the lower CN range. This explains why uniform perturbation can be used for heavy-oil characterization,
where CNs of all pseudocomponents are typically higher than 20. For lighter reservoir fluids, however,
a few pseudocomponents usually fall in the region of composition space where perturbation should be
increased with CN or MW.

Perturbations of critical parameters directly affect the attraction (a) and covolume (b) parameters of
a cubic EOS, which in turn affect the Gibbs free energy and volumetric predictions in P-T-x space.
Figures 4-9 and 4-10 show the a and b parameters, respectively, for three levels of aromaticity 0, 10,
and 60. The original correlations of Kumar and Okuno (2012b) are used for n-alkanes (i.e., zero
aromaticity). The fr, fe, and fm values fitted to Yarborough'’s trend curves are used for the aromaticity
levels 10 and 60. The a parameter increases with CN for a fixed aromaticity level. The effect of
aromaticity on the a parameter is not systematic; i.e., the a parameter increases with aromaticity for light
hydrocarbons, and the trend is the other way around for heavier hydrocarbons. The trend of the b

parameter is more systematic. The b parameter for n-alkane is higher than those for aromatic
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hydrocarbons for a given CN. Also, n-alkanes exhibit the largest gradient of the b parameter with respect
to CN.

Figure 4-11 shows a parameter group a/b? (p) based on the values for the a and b parameters in
Figures 4-9 and 4-10. The y parameter for each component can be calculated using the PR EOS as

follows:
Qq
LIJ = ? PC(X(T) (4'1 3)
b

The y parameter is a function of Tc, Pc, w, and T as shown in Equation 4-13. The y parameter is
sensitive to the level of aromaticity for light and intermediate hydrocarbons, where variable perturbation
is required (see Figure 4-11). This is also true at a realistic reservoir temperature of 370.15 K as shown
in Figure 4-12. We therefore use the y parameter to control variable perturbation in different regions
of composition space. The y parameter monotonically decreases with CN for high aromaticity levels,
but exhibits a maximum for low aromaticity levels including n-alkanes. van Konynenburg and Scott
(1980) used the p parameter in their pioneering research on classification of binary phase diagrams
using the van der Waals EOS. The y parameters for two components (i.e., yi, where i = 1, 2.) were
used to characterize size-asymmetric binary mixtures.

Figure 4-12 is useful in considering qualitatively how the y parameter should be characterized
depending on the fluid composition of interest. In general, heavier fractions are relatively more
naphthenic and aromatic than lighter fractions (Yarborough 1979; Nagy and Colombo 1967). This
physical trend is plausible considering that a larger number of carbon atoms allow for more variations of
hydrocarbon molecular structures; e.g., if the uniform distribution of molecular structures is considered
within individual CN groups, the concentration of n-alkane becomes lower for higher CN.

The y parameter changes its sensitivity to aromaticity around CN 20 as shown in Figures 4-11 and
4-12. In the CN range higher than approximately 20, the w parameter decreases with CN regardless of
the level of aromaticity. In the lower CN range, the y parameter typically increases with CN because of
the increasing aromaticity trend with respect to CN within a given fluid as just discussed in the previous
paragraph. Two trend curves for the @y parameter are presented for these two model fluids in Figure 4-
12.

The y parameter typically increases with CN (like the lighter model fluid in Figure 4-12), if all
pseudocomponents are within the range of C7-C20. For some heavy oils, the lightest pseudocomponent
can be around C2o, and the y parameter is expected to decrease almost linearly with CN (like the heavier
model fluid in Figure 4-12). For many fluids, however, the CN range of pseudocomponents contains the
boundary of the two distinct regions, which is approximately C2. For these fluids, the y parameter
exhibits combinations of these two model trends depending on the CN range of their pseudocomponents
and their average aromaticity. The two model trends in Figure 4-12 are shown to be linear for simplicity.

Actual trends of characterized fluids are non-linear in general as shown in the next section.
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We assume use of four pseudocomponents based on the chi-squared compositional
characterization for discussion here. CN ranges observed for various fluids in our research can be
summarized as follows: 7-30 for gas condensates, 9-45 for light oils, 11-60 for intermediate oils, and 13-
85 for heavy oils. Light gas condensates, for which the C7+ fraction is less than 2%, can have all four
pseudocomponents within the CN range from 7 to 20. Their g trends can be strongly influenced by the
n-alkane curve, which exhibits a convex trend (see Figure 4-12).

The overall composition information can be obtained by the distribution function fitted to the
composition data available. The PnA method considers an expected trend of g in the regression
process depending on the p parameter value obtained from the fitted chi-squared distribution. Uniform
perturbation is suitable for heavy oils as presented in Kumar and Okuno (2012a). Hence, the p
parameter value of 10 corresponding to extra heavy oils is considered as the limiting value, for which
perturbation is uniform. With increasing API gravity, the p parameter value decreases below 10, and
variable perturbation is required according to the y trends discussed above.

4.3.4. Regression Algorithm

In this subsection, we discuss briefly how the current PnA method implements the new concept

regarding the y parameter presented in the previous subsection. The main difference from the

regression algorithm of Kumar and Okuno (2012a) is that the perturbation parameters fr, fr, and fm in

Equations 4-6 to 4-8 are augmented by a fourth adjustment parameter y. We measure a deviation of

the fluid of interest from the limiting fluid with the p parameter value of 10 using constants d;, where j is

the component index for pseudocomponents. The d constants are calculated specifically to a given
fluid, and collectively serve as a fluid type indicator. Then, the d constants and the fourth adjustment
parameter y are combined to have a desired trend of the y parameter.

The algorithm uses four adjustment parameters fr, fp, fm, and y to match the saturation pressure at
the reservoir temperature and liquid densities at different pressures and the reservoir temperature.
Volume shift parameters are not used in the PnA method. BIPs are constant as described in Kumar
and Okuno (2012a). The BIPs used in the PnA method are 0.0 for N2-COz2, 0.1 for N2-Ci, where 1 <i <
6, 0.13 for N2-pseudocomponents, and 0.1 for CO2-hydrocarbons. BIPs are zero for hydrocarbon-
hydrocarbon pairs. A step-wise description of the algorithm is presented below.

Step 1. Composition characterization: Using the composition data available, the plus fraction is split
into n pseudocomponents using the chi-squared distribution function (Equation 4-5; see
Quifiones-Cisneros et al. 2004b). This step gives the mole fractions and MWs of n
pseudocomponents and the p value of the fluid.

Step 2. Calculation of gradation constants dj: The mole fractions and MWs of n pseudocomponents are
calculated assuming that the fluid p value is 10. We calculate the ratios of the MWs from step
1 to the MWs with the assumption of p equal to 10. The resulting ratios are normalized with
respect to the ratio for the lightest pseudocomponent. These normalized ratios are the d;

constants, where j=1, 2, ..., n. Thatis, d1is always 1.0.

103



Step 3.

Step 4.

Step 5.

Check for the necessity of using density data. Characterize the fluid assuming that fr, fr, and
fm are equal to 1.0 in Equations 4-6 to 4-8. Compare density calculations using the PR EOS to
the experimental density data. If the average density deviation indicates overprediction of the
densities, than go to step 5. Otherwise, continue to step 4 below.
Characterization using density and saturation pressure data.
i. fr=1.0,fr=1.0,y= 0.0, and k = 1, where k is the iteration index.
ii. Find fm with which Tc¢, Pc, and m are internally consistent using Equation 4-14.

kadeYk

m; = 04707 + 2.4831 (£ MWd* ) <fm (4-14)

In each iteration, fm is adjusted until one of the pseudocomponents has an m parameter value
equal to 0.946.
iii. Calculate critical parameters using Equations 4-15 and 4-16.

-2.0
Tejx = 1154.35 — 844.83 (1.0 +1.7557 X 10-3kad].Ykaj) (4-15)
MW —0.638
Pej = 559.93< ,}k) —1.49 (4-16)

iv. Adjust fr and fr to match the saturation pressure and density data.

v. Update y using Equation 4-17.

Vi = 0.5[yio1 +2/(3:464 + W) (F20_; + 351 + £2%_ 1)/ (Frxer + g + fnper)], (4-17)

where 6 = (3.0 + h)/h, h is the harmonic mean of z., z, and zx, and

z.: Mole fraction of methane in the overall composition

zi: Sum of the mole fractions of N2, CO2, and C;, where i = 2, 3,..., 6.

zn1: Mole fraction of Cr+.

fr and fp are set to 1.0, and go to step 4-ii until the difference of the y values between two

consecutive iterations becomes below a tolerance; e.g., 10-3.

Characterization using only saturation pressure data.

i. fr=0.98, fr =0.98, y = 0.0 (for bubble point search), y = 1.5 (for dew point search), and k =
1, where k is the iteration index.

ii. Find fm with which Tc¢, Pc, and m are internally consistent using Equation 4-14.

iii. Calculate critical parameters using Equations 4-15 and 4-16.

iv. Adjust y until the saturation pressure is matched.

Figure 4-13 shows an example trend of the four adjustment parameters fr, fp, fm, and y during

iteration when oil 2 (39.89°API) in Table 4-2 is characterized using the above algorithm. As y increases

from the starting value of zero, fr, fr, and fm decrease. Convergence is achieved when the rate of

increase in y or the rate of decrease in fr, fr, and fm becomes negligible. The internal consistency of Tc,

Pc, and m is evaluated by the ¢ function given in Equation 4-12. Figure 4-14 shows that the € function

decreases with increasing y and is sufficiently small on convergence. The algorithm is written in
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FORTRAN, and takes less than two minutes on average per fluid using the Intel Core i7-960 processor
at 3.20 GHz and 8.0 GB RAM.

Gas condensates and light volatile oils behave like n-alkane mixtures due to low concentrations of
the C7+ fraction. For these fluids, density data are not required in the PnA method. The next section
shows that the correlations of Kumar and Okuno (2012b) enable the PR EOS to accurately predict
densities in such cases.

The key parameter in the PnA method is y, which controls the y gradient with respect to CN (or
MW) of pseudocomponents. Hence, adjustment of y can be carried out using more data, instead of
using Equation 4-17. For example, liquid saturation data from constant volume depletion (CVD) and
constant composition expansion (CCE), slim-tube MMPs, and three-phase data can be used to adjust
y. For solubility data, BIPs may be adjusted for methane and heavier pseudocomponents to change
phase behavior predictions locally in composition space. As is shown in the next section, the PnA
method systematically and monotonically adjusts phase behavior predictions using a few adjustment

parameters, unlike the conventional methods.

4.4. Application of the PnA method
In this section, the PnA method is applied to 77 reservoir fluids, ranging from 9.5°API to 71.1°API, where

12 components are used altogether; N2, CO2, C1, Cz, Cs, C4, Cs, Cs, and four pseudocomponents. Data
available and used for characterization are (i) overall compositions, (ii) saturation pressures at reservoir
temperatures, and (iii) liquid densities at different pressures at reservoir temperatures, unless otherwise
stated. Other types of data available, such as MMPs, CVD, and CCE, are not used in characterization,
but are used to evaluate the reliability of characterized fluid models.

The significance of considering the y parameter is first presented using oils listed in Table 4-2.
Predictions from the PR EOS with the PnA characterization are then compared with data for various
fluids in the case studies subsection.

4.4.1. Significance of the y Parameter

In the previous section, we discussed that perturbation from n-alkanes should consider the CN range of
the pseudocomponents used. Uniform perturbation is appropriate for heavy oils since all pseudo
components usually fall in the higher CN range where the y parameter is insensitive to the level of
aromaticity. For lighter fluids, some of pseudocomponents are in the lower CN range where the y
parameter is sensitive to the level of aromaticity (see Figure 4-12). Variable perturbation should be
considered to obtain appropriate trends of the y parameter for these fluids.

The y parameter for the PR EOS is a function of Tc, Pc, and m at a given temperature as shown in
Equation 4-13. Obviously, different characterization schemes result in different trends of the
parameter. To see this, oil 1 (35.22°API) in Table 4-2 is characterized using four different schemes;

Case 1. The PnA method with uniform perturbation (i.e., y is fixed at zero)
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Case 2. The PnA method with variable perturbation (i.e., the algorithm presented in the previous
section)

Case 3. The conventional method using the PVTsim software without volume shift (CMwioV)

Case 4. The conventional method using the PVTsim software with volume shift (CMwV).

Case 1 corresponds to the previous PnA method presented in Kumar and Okuno (2012a). Cases
3 and 4 are based on step-wise manual adjustment of Tc, Pc, and w as described in detail in Kumar and
Okuno (2012a). The number of components used is 12 for all cases. The CMs use the default BIP
values from PVTsim as they would be the most suitable values for PVTsim. They are -0.017 for N2-
CO2, 0.0311 for N2-C1, 0.0515 for N2-C2, 0.0852 for N2-C3, 0.08 for N2-C4, 0.1 for N2-Cs, 0.08 for N2-C;,
where i 2 6, 0.12 for CO2,-Cj, where 1 <j < 6, and 0.1 for CO2-pseudocomponents. As in the PnA
method, BIPs are zeros for hydrocarbon-hydrocarbon pairs in the CMs. For a fair comparison, the same
composition characterization based on the chi-squired distribution is used for the four cases. Saturation
pressure and density data are matched by adjusting Tc, Pc, and w for cases 1-3. For case 4, volume
shift is conducted to match density data, and saturation pressure is matched using Tc, Pc, and w. Then,
we calculate the MMPs for the oil with injection gas (0.48% N2, 4.97% COz, 58.22% C1, 17.14% Cx,
12.10% Cs, 4.97% C4, 1.66% Cs, and 0.53% Cs) at the reservoir temperature 374.85 K. The
corresponding slim-tube MMP is reported to be 220 bars in Jaubert et al. (2002).

The resulting trend of p along with the AD on the MMP is shown for each case in Figure 4-15. The
CN range of the pseudocomponents is approximately from 11 to 40, which is similar to the entire CN
range presented in Figure 4-12. Case 1 with uniform perturbation exhibits a monotonically decreasing
trend of y with respect to CN for the four pseudocomponents. The calculated MMP has a large AD of
+19% compared to the slim-tube MMP. Considering the approximate CN of 11 for the lightest
pseudocomponent, the negative slope of y is not expected. Cases 3 and 4 present an obvious minimum
in the trend of y with respect to CN. Even though the MMP calculated for case 3 is relatively accurate,
it may be difficult to justify such y trends, considering the CN range of the pseudocomponents and that
heavier pseudocomponents are more naphthenic and aromatic than lighter pseudocomponents in
general (Yarborough 1979). Use of volume shift in case 4 makes the calculated MMP less accurate due
to the fundamental reasons presented in the section on Effect of Volume-Shift Parameter Regression
on Gibbs Free Energy. Case 2 shows a monotonically increasing trend of y with respect to CN. The
converged y is 1.23. Considering the inevitable dispersion effects in slim-tube tests, the AD of -6.0% is
acceptable in this case.

Matching MMP data in fluid characterization has been proposed in the literature (e.g., Egwuenu et
al. (2008). It will be easy to implement this proposal in the PnA method. Figure 4-16 shows the MMPs
calculated for different y values. A monotonic change in the calculated MMP is observed with respect
to y. The slim-tube MMP of 220 bars can be predicted with y of 1.08, and the corresponding y trend is
shown by a dashed line in Figure 4-15. Although matching a slim-tube MMP without considering

dispersion effects has little practical importance, this exercise shows that phase behavior predictions
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can be adjusted systematically and monotonically with the PnA method. Similar control over phase
behavior predictions is difficult with the CM.

Figures 4-17 and 4-18 show the a and b parameters for the four pseudocomponents for each of
the four cases. The dashed curves correspond to the case for y of 1.08. Case 4 deviates significantly
from the other cases in the a and b parameters. However, it is case 1 that has the largest error in the
MMP calculation as shown in Figure 4-15. The a and b parameters are interdependent in fluid
characterization, and the y parameter properly captures the interrelationship between the a and b
parameters. Cases 1-3 are similar in the trends of the a and b parameters. However, the y parameter
effectively makes the differences among the cases more marked.

For all oils in Table 4-2, slim-tube tests and measured MMPs are reported in the literature. Table
4-3 lists slim-tube and calculated MMPs for eight oils from Table 4-2, one of which is oil 1 discussed
above. A small amount of C7+ contained in some of the injection gases is discarded for the MMP
calculations (their C7+ concentrations are less than 0.3%). Two cases are considered for these MMP
calculations; one with variable perturbation and the other with uniform perturbation. The AAD on the
MMP calculations is 6.7% for the former case and 26.7% for the latter case. These results further
indicate the significance of considering the y parameter in perturbation using y. The AAD from the new
PnA method is similar to the result of Jaubert et al. (2002), who conducted MMP calculations for the
same oils. Unlike the PnA method, they developed fluid models using various data from standard PVT

measurements, swelling tests, and multicontact tests.
4.4.2. Case Studies

The 77 different fluids considered here are 34 heavy and black oils, 12 volatile oils (including one near-
critical fluid), and 31 gas condensates (including three near-critical fluid). These fluids are listed in Table
4-2 and Tables 4-4, 4-5, and 4-6.

For oils 1-22 listed in Table 4-4, available data are limited to overall compositions, saturation
pressures, and liquid densities that are used in characterization. Most of them are heavy oils, for which
data are in general scarce in literature (Kokal and Sayegh 1993; Yazdani and Maini 2010). Therefore,
pseudo data (Merrill and Newley 1993) are generated for MMPs with pure CO2 and pure C1 and some
three-phase envelopes using 30 components (including 22 pseudocomponents) based on the CMw,oV
(Pedersen and Christensen 2007; Krejbjerg and Pedersen 2006; Pedersen et al. 1983, 1984, 1989,
1992, 2004) as explained in detail in Kumar and Okuno (2012a). Using the CMwoV, the effects of the
number of components on phase behavior predictions diminish when more than 16 components are
used (Kumar and Okuno 2012a). Thus, use of 22 pseudocomponents is appropriate to avoid errors
caused by reduction of composition space. We directly use the compositions characterized by
Quifiones-Cisneros et al. (2004b) for oils 1-13, 18, and 22 in Table 4-4.

Tables 4-5 and 4-6 list volatile oils and gas condensates, respectively, for which PVT data are
available, such as CVD and CCE data. MMP data are unavailable for the volatile oils. Tables 4-2, 4-4,

4-5, and 4-6 present converged y values and corresponding fr, fr and fm values, which are plotted with
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respect to the API gravity in Figures 4-19 to 4-22. The converged fr and fp values are greater than 1.0,
and the converged fn values are smaller than 1.0. The overall trends indicate that heavier fluids tend to
require more perturbation from n-alkanes. This is consistent with the physical trend that heavier
fractions are relatively more naphthenic and aromatic than lighter fractions (Nagy and Colombo 1967;
Yarborough 1979).

The y parameter plays an important role in the extended PnA method. It controls the gradient of
with respect to MW or CN for pseudocomponents. Figure 4-22 shows that the y parameter becomes
greater for lighter fluids. This is because a lighter fluid contains pseudocomponents lighter than C2o at
higher concentrations. The y parameter is sensitive to aromaticity for such lower CNs as shown in
Figure 4-12. For heavy oils, variable perturbation from n-alkanes is less significant; the importance of
the y and y parameters diminishes as the API gravity becomes lower as shown in Figure 4-22. For
extra heavy oils, the PnA method reduces to the previous PnA method developed in Kumar and Okuno
(2012a).

Figure 4-23 depicts the average gradient of y with respect to MW of pseudocomponents (Ag/AM).
This average gradient is calculated using y’s and MWs for the lightest and heaviest pseudocomponents.
The gradient is small for heavy fluids, and gradually increases as the API gravity increases. This is
consistent with the trends of y for the two model fluids presented in Figure 4-12. Figure 4-24 shows
the variation of the y gradient with respect to y. As y increases, the gradient also increases. These
figures indicate that the algorithm successfully converged as designed in the previous section. The y
parameter is effectively controlled by adjusting vy.
4.4.2.1. MMP Calculations
We showed that the extended PnA method gives better MMP predictions than the previous PnA method
for eight oils in Table 4-2. Here, we further test the extended PnA method for oils 1-22 in Table 4-4.
MMPs at reservoir temperatures are calculated for 100% C1 using PVTsim (2011) and for 100% CO:
using PennPVT (Ahmadi and Johns 2011; PennPVT). CO2-MMP for oils 1, 2, 4, and 18 in Table 4-4
are not considered because of the presence of three phases during the MMP calculations.

Figures 4-25 and 4-26 compare the MMPs from the PnA method and those from pseudo data.
Good agreement is observed between them for heavy oils and light oils. Some oils in the range of 30-
40°API, however, have AD of 20% (encircled in Figures 4-25 and 4-26). This is because of the
discontinuity in the CMw,oV used to generate the pseudo data. PVTsim used in the CMwoV gives two
different characterization options, normal and heavy characterizations, based on an oil gravity criterion
of 30°API. We observed that there can be significant differences in phase behavior predictions between
these two characterization options around 30°API. Such a discontinuity in fluid characterization is
undesirable considering the continuity of phase behavior (or, more fundamentally, the single-phase
Gibbs free energy) in P-T-x space. The PnA method avoids the discontinuity by incorporating various

physical considerations in the development as explained in the previous sections; the most important
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one is variable perturbation from n-alkanes for application to a wide variety of fluids. The AAD in C1-
MMPs and CO2-MMPs for the 22 oils is approximately 7% using the extended PnA method.

4.4.2.2. Volatile Oils

We characterize the 12 volatile oils given in Table 4-5. The types of phase behavior predicted for the
oils are presented in the table; liquid saturation in CVD and CCE, and relative volume in CCE are
indicated as 1, 2, and 3, respectively, in Table 4-5. Table 4-5 also lists the limits of measured values in
the experiments along with deviations of the predictions from data. Since these are volatile oils, liquid
saturation is 100% at the bubble points. Liquid saturation data at lowest measured pressures are listed
for data types 1 and 2. Relative volume data at lowest measured pressures are listed for data type 3.
Using the PnA method, the AD is 3.7% in CVD liquid saturation prediction, and predictions of CCE
relative volume are nearly perfect.

Figures 4-27 and 4-28 compare the CVD liquid saturation curves for volatile oils 1 and 5,
respectively. These oils were characterized using only saturation pressure data (see step 5 in the
regression algorithm subsection). The PnA method yields the small AADs given in Table 4-5 for these
oils even without using density data. The y parameter converges to 0.62 using the algorithm given in
section 4.3.4. Figure 4-27 also shows the CVD liquid saturation with the following y values: 0.3, 0.4,
0.5, and 0.6. The liquid saturation curve varies monotonically with the y parameter. As an example for
CCE predictions, Figure 4-29 compares the CCE relative volume for volatile oil 6. Nearly perfect
prediction for the CCE relative volume is observed from the figure.

Figure 4-27 also shows the liquid saturation curve using the CMwoV with 12 components. The CN
ranges for pseudocomponents in the PnA and CMw,oV are almost the same. For a fair comparison,
density matching is not conducted for both cases (Density matching actually deteriorates the CVD liquid
saturation prediction using the CMwo in this case). A large deviation is observed in the CMwioV case for
pressures between 250 bars and 455 bars.

To see the fundamental difference between the PnA and CMw,V for volatile oil 1, Figure 4-30
compares the ai and b; parameters for the four pseudocomponents in the two characterizations. It is
difficult to find any abnormality in Figure 4-30. However, Figure 4-31 presents an important difference
between the two characterizations in the @ parameter, which was defined as ai/bi? before. The y trend
for the PnA method exhibits a combined trend of the two model fluids in Figure 4-12. The CMuwoV
method results in the y trend that exhibits a minimum for the second lightest pseudocomponent. With
this range of pseudocomponents’ CNs, the g value for the second lightest pseudocomponent should
not be less than that for the lightest pseudocomponent. A large deviation in the liquid saturation curve
prediction around the saturation pressure is likely attributed to this @ behavior for the CMwioV.

Volatile oil 12 in Table 4-5 is a near-critical fluid, for which CCE liquid saturation is predicted in
Figure 4-32. This oil is characterized at temperature of 371.6 K, and the critical temperature of the oil
is 388.1 K. The PnA method is able to reproduce quantitatively the substantial sensitivity of liquid

saturation to pressure.
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4.4.2.3. Gas Condensates
The 31 gas condensates listed in Table 4-6 include a wide MW range from 19.75 to 54.92. Gas

condensates 6, 7, 8, 11, and 12 are near critical. As indicated in Table 4-6, CVD liquid saturation curves
(data type 1) are predicted for 26 gas condensates. CCE tests (data types 2 and 3) are predicted for
the other five gas condensates. Characterization of the gas condensates does not use density data in
regression due to low Cr+ fractions. These gas condensates behave like light n-alkane mixtures, for
which the PR EOS predicts densities accurately with the correlations of Kumar and Okuno (2012b). The
AAD for density predictions is less than 4% for the gas condensates given in Table 4-6.

Table 4-6 summarizes results for phase behavior predictions using the PnA method. For gas
condensates, liquid saturation is zero at dew point. Hence, the maximum value in the experimental data
is listed for each gas condensate, along with the AAD. The PnA method is successful for these gas
condensates as indicated by the low AADs. As sample results, Figures 4-33 and 4-34 depict CVD
liquid saturation for gas condensates 20 and 5, respectively. The former exhibits low liquid saturation
with a maximum of 1.89% at the lowest measured pressure. The latter exhibits a maximum saturation
of 30.40% at a relatively high pressure in the two phase region. These results for gas condensates and
volatile oils indicate that the PnA method is quantitatively accurate in prediction of quality lines and
densities.

Figure 4-35 shows the y trends for gas condensates 4, 12, 20, and 26, for which the maximum
liquid saturations are 25.00%, 40.90%, 1.89%, and 69.81%, respectively. The CN range of
pseudocomponents is typically narrow for gas condensates, and the y parameter increases with CN as
shown in Figure 4-12. In general, the slope of y becomes smaller as the CN range of pseudo
components becomes wider. The four pseudocomponents for gas condensate 20 are lighter than Cozo.
Hence, the sharply increasing trend is conceivable since the y parameter is sensitive to aromaticity in
this CN region. Gas condensates 4 and 12 have CN ranges of Cs-C22 and Cs-Cozs, respectively. The g
parameters for these fluids exhibit convexity in the low CN region, which can be seen for n-alkanes in
Figure 4-12. Gas condensate 26 has the pseudocomponents in the CN range of Co-C30. Because of
the wide CN range, the y parameter shows a combined trend of the two model fluids in Figure 4-12.

Matching liquid saturation data can be difficult using the conventional fluid characterization methods.
This is true especially when liquid saturation is sensitive to pressure and temperature (e.g., see Figures
4-27,4-32, and 4-34). Matching such liquid saturation data requires accurate prediction of dense quality
lines and liquid densities (i.e., compositional and volumetric phase behaviors) along the experimental
pressure path at a fixed temperature. However, the PR EOS is quite accurate in liquid density prediction
for light fluids using the correlations of Kumar and Okuno (2012b). Thus, adjustment of compositional
phase behavior for the small C7+ fraction is crucial for reliable prediction of condensation/vaporization
behavior of these fluids.

To show this, we characterize near-critical gas condensate 7 in Table 4-6 using the PnA and CMwV

methods. CVD liquid saturation curves from the two characterizations are compared with data points in
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Figure 4-36. The CMuwV results in large deviations near the dew point. However, the two methods
result in similar phase behavior for the Cr+ fraction as shown in Figure 4-37. The converged y value for
the PnA method is 0.820 as given in Table 4-6. The best match of the PnA characterization results in y
of 0.930. Figure 4-37 shows that the two values of y give essentially the same phase behavior of the
C7+ fraction. These results indicate the significant sensitivity of liquid saturation to C7+ characterization
in this case. PVT measurements for C7+ at the reservoir temperature 424.82 K and lower would not help
because the three phase-envelopes nearly coincide there as shown in Figure 4-37.

The PnA method is able to control gas condensate behavior by adjusting only one parameter (y) to
match the dew point. The adjustment changes phase behavior predictions systematically as shown in
Figures 4-36 and 4-37. Figure 4-36 shows the CVD liquid saturation curves for different y values. ltis
evident that the predicted curve changes monotonically with varying y and systematically in pressure
space. Gas condensate 6 is another near-critical fluid, for which Figure 4-38 shows quality lines (B is
the vapor phase mole fraction). The calculated critical point is 402.0 K and 339.2 bars. The reservoir
temperature and pressure are 422.6 K and 339.4 bars, respectively. Figure 4-39 shows that the PnA
method accurately predicts CVD liquid dropout, which results from the dense quality lines near the
critical point.

4.4.2.4. Heavy Oils
Oils heavier than 30°API listed in Table 4-4 are considered as heavy oils (Krejbjerg and Pedersen 2006).

The present PnA method reduces to the previous PnA method developed for heavy oils (Kumar and
Okuno 2012a) when vy is zero. As can be seen in Figure 4-22, the y values for extra-heavy oils of 10°API
are nearly zero. The present PnA method performs similarly to the previous one for heavy oils. Our
focus here is on the West Sak oil (oil 23 in Table 4-4), for which gas solubility data are available in the
literature, and predictions of three hydrocarbon phases.

44.2.41. P-V Predictions

For oil 23, the oleic phase saturations for two mixtures (60% CO:2 and 40% oil, and 80% CO:2 and 20%
oil) are predicted at 299.81 K using the PnA method. Reasonable accuracy of the PnA method is
observed in Figures 4-40 and 4-41. The AAD is 2.7% for the 60% CO2 mixture, and 5.6% for the 80%
CO2 mixture. Figure 4-41 shows predictions with different y values; 0.048, 0.8, 1.0, and 1.2. The
converged y value is 0.048 using the algorithm given in section 4.3.4. A systematic change in predictions
in pressure space is observed. The change is also monotonic with the y parameter. With available
phase saturation data, the optimum y value can be easily selected using the PnA method.

Aghbash and Ahmadi (2012) developed a 10-component fluid model for this oil. They used all non-
zero BIPs. The PnA method does not require non-zero BIPs for hydrocarbon pairs to obtain similar
phase behavior predictions. Figure 4-42 compares the @ parameters for pseudocomponents from
Aghbash and Ahmadi (2012) with those from the PnA method. The y parameter monotonically
decreases with CN for the two cases, which is in line with our discussion for heavy oils in Figure 4-12.

The non-zero BIPs used in Aghbash and Ahmadi (2012) likely did not cause absurd behavior of the
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Gibbs free energy in P-T-x space in this case. However, special care must be taken when BIPs are
used in regression (Pedersen and Christensen 2007; Wang and Pope 2001; Egwuenu et al. 2008).
4.4.2.4.2. Three-Phase Predictions

Mixtures of oil and solvent can present complex three-hydrocarbon-phase behavior (Mohanty et al.
1995; Polishuk et al. 2004; Okuno et al. 2011). The three phases are the gaseous (V), oleic (L1), and
solvent-rich liquid (L2) phases. Here, we compare three-phase predictions from the PnA method with
pseudo data. Figure 4-43 shows the three-phase envelope for a mixture of 80% CO2 and 20% West
Sak oil. Figures 4-44 and 4-45 show the three-phase envelopes for two mixtures with oil 5 in Table 4-
4; 90% C2 and 10% oil 5, and 90% Cs and 10% oil 5. Three-phase predictions from the PnA method

nearly coincide with the pseudo data.

4.5. Conclusions

We first presented the effects of volume shift on phase behavior in P-T-x space when volume-shift

parameters are used as regression parameters in fluid characterization. Then, the PnA method

developed for heavy oils in our previous research was extended to characterize lighter fluids, such as
gas condensates, volatile oils, and near-critical fluids. Extensive case studies using 77 different
reservoir fluids demonstrated the universal applicability, reliability, robustness, and efficiency of the new

PnA method. The PR EOS with the van der Waals mixing rules was used throughout the research.

Conclusions are as follows:

o Volume-shift parameters affect compositional phase behavior predictions when used as regression
parameters in fluid characterization. P-T-x conditions used in laboratory measurements are only a
small part of actual P-T-x conditions encountered in reservoir processes. Therefore, volume shift
should be carefully performed in regression since it can substantially affect oil recovery predictions
through altered phase behavior predictions in P-T-x space. The PnA method uses no volume shift,
and properly couples volumetric and compositional phase behaviors.

o Tc, Pc, and w were perturbed to match the density trend curves with respect to CN for different
levels of aromaticity presented in Yarborough (1979). Results show that uniform perturbation is
appropriate for the CN range approximately higher than 20. Sharply increasing perturbation with
CN is required for the lower CN range. This explains why the previous PnA method successfully
used uniform perturbation for characterizing heavy oils, for which pseudocomponents’ CNs are
typically higher than 20. Case studies demonstrated that perturbation from n-alkanes depends on
the CN range of pseudocomponents in the new PnA method.

o The y parameter defined in Equation 4-13 for the PR EOS is more sensitive to the level of
aromaticity in the lower CN range than in the higher CN range. The y parameter increases with CN
for fluids that have all pseudocomponents in the lower CN range, where sharply increasing
perturbation with CN is required. The trend is the other way around for fluids that have all

pseudocomponents in the higher CN range, where variable perturbation is less important. Mixed
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trends of the y parameter with respect to CN are expected for fluids that have pseudocomponents
in the two CN ranges. Case studies confirmed this point. Conventional characterization methods
can exhibit unexpected trends of the @ parameter with respect to CN.

The regression algorithm developed in this research controls the trend of the y parameter with
respect to CN using a fourth adjustment parameter y. The algorithm also considers the size of
composition space using the distribution function fitted to the composition data of the fluid to be
characterized. Case studies showed the reliability and robustness of the algorithm for all fluids
tested in this research. The algorithm written in FOTRAN takes less than two minutes on average
per fluid using the Intel Core i7-960 processor at 3.20 GHz and 8.0 GB RAM.

The importance of the y and y parameters diminishes as the API gravity decreases. For extra heavy
oils, the new PnA method naturally reduces to the previous PnA method, where y is zero.

The PnA method controls phase behavior predictions monotonically with parameter adjustments
and systematically in P-T-x space. This was demonstrated by quantitative prediction of
condensation/vaporization behavior of gas condensates and light oils and MMPs for various oil
displacements, which can be difficult using conventional fluid characterization. Unlike the
conventional methods, the PnA method uses only four adjustment parameters and incorporates
physical considerations in parameter adjustment.

The PnA method requires no change in the thermodynamic model used; i.e., it can be readily

implemented in existing software based on the PR EOS with the van der Waals mixing rules.
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4.6.

Nomenclature

Roman Symbols

a Attraction parameter in a cubic equation of state
A Aromatic
b Covolume parameter in a cubic equation of state
c Peneloux volume-shift parameter for Nc components
d Gradation constants
fais Chi-squared distribution function defined in Equation 4-5
fm Perturbation factor for the m parameter
fe Perturbation factor for critical pressure
fr Perturbation factor for critical temperature
AmixG  Molar Gibbs free energy change on mixing
g Dimensionless molar Gibbs free energy change on mixing
Kij Binary interaction parameter for components i and j
m Parameter in the Peng—Robinson EOS (1978) defined in Equations 4-9 and 4-10
Nc Number of components
P Pressure, bar
p Parameter in the chi-squared distribution
Pc Critical pressure, bar
Pc Critical pressure vector for Nc components
R Universal gas constant
S Parameter in the chi-squared distribution
T Temperature, K
Tc Critical temperature, K
Tc Critical temperature vector for Nc components
Tres Reservoir temperature
x Mole fraction vector for the liquid phase
y Mole fraction vector for the gaseous phase
z Overall composition vector
zZ Mole fraction of methane in fluid
z Sum of mole fractions of non C7+ excluding methane
ZH Mole fractions of C7+
Abbreviations
°API API (American Petroleum Institute) gravity
BIP Binary interaction parameter
CN Carbon number
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CMwoV Conventional (characterization) method without volume shift

CMwV Conventional (characterization) method with volume shift
EOS Equation of state

MMP Minimum miscibility pressure, bars

MW Molecular weight, gm/mol

PC Pseudocomponent

PNA Paraffin-napthene-aromatic

PR Peng-Robinson

P-T-x Pressure-temperature-composition

Greek symbols

B Vapor molar phase fraction

€ Tc, Pc, and w consistency function defined in Equation 4-12
r Gamma function

?, Fugacity coefficient of component i in a mixture

ob; Fugacity coefficient of pure component i

Y Gradation parameter

Q, Constant term in the attraction parameter of a cubic EOS
Q, Constant term in the covolume parameter of a cubic EOS
0] ai/bi2 defined in Equation 4-13 for the PR EOS

0 Parameter as defined in Equation 4-17

w Acentric factor

Subscripts/Superscript symbols

w With (volume shift)
w/o Without (volume shift)
L Liquid phase

Vv Gaseous phase
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Table 4-1. Ternary fluid using the conventional characterization method with/without volume

shift in regression.

PR EOS with volume shift

PR EOS without volume shift

Components Mole MW Tc Pc w CPEN Te Pc w
Fractions (gm/mol) (K) (bars) (cc/mol) (K) (bars)
L 0.4219 16.10 190.86 46.07 0.0089 -5.19 190.86 46.07  0.0089
| 0.0176 31.66 31559 47.83 0.1065 -5.85 315.59 47.83 0.1065
H 0.5605 291.30 848.33 2418 0.4373 -110.14 1022.44 19.48 0.5108
Temperature (K) 330.40
Saturation Pressure (bars)  196.48

L=N+CO,+Cq,1=Cy+C3, H=Cys

Table 4-2. Converged fr, fr, fm, p, and y values for reservoir oils characterized using the PnA
method. Slim-tube MMPs are reported for these oils in the literature.

NOcIJI. References (grl:lﬂlvrxol) °API -I;f(E)S k* fr fp fin p v

1 Jaubert et al. 2002, F1 135.24 35.22 374.85 5 1.091 1.101 0399 45 1.236
2 Jaubert et al. 2002, F2 136.25 39.89 372.05 6 1574 1143 0389 47 1.481
3 Jaubert et al. 2002, F3 8241 39.31 38735 11 1239 1.026 0.500 6.3 0.977
4 Jaubert et al. 2002, F4 63.17 40.34 388.20 7 0959 0959 0545 3.0 0.770
5 Jaubert et al. 2002, F5 125.82 32.04 39425 12 1347 1124 0412 45 1.318
6 Jaubert et al. 2002, F6 96.25 37.73 373.15 5 1.072 1.060 0.488 4.2 1.067
7 Jaubert et al. 2002, F7 96.19 41.06 393.15 12 1357 1.060 0443 4.9 1.383
8 Jaubert et al. 2002,F11 82.55 38.71 373.75 11 1172 1.066 0501 3.8 0.921
9 Jaubert et al. 2002,F13 150.2 35.64 377.55 8 1499 1.038 0319 44 0.996
10 Al-Ajmi et al. 2011, F1 16142 3185 35040 16 1538 1.196 0.347 4.6 1.341
11 Al-Ajmi et al. 2011, F2 109.37 40.03 35370 17 1418 1.086 0.392 3.9 1.304

*As reported. All other API gravities are calculated from density at 288.15 K and 1.01325 bars.
*k is number of density data.
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Table 4-3. Slim-tube and calculated MMPs for eight oils from Table 4-2.

Uniform Perturbation

QOil No. o Slim-Tube MMP, Variable Perturbation -
(From Table 4-2) APl Bars PnA Method, MMP (Bars) " atees (= 0)
1 35.22 220 207.86 262.00
2 39.89 220 258.79 339.00
3 39.31 376 366.84 446.52
4 40.34 379 350.61 437.56
5 32.04 366 341.00 496.12
6 37.73 309 296.16 371.33
7 41.06 296 317.00 357.50
8 38.71 335 343.00 435.03
AAD% 6.70 26.70

Table 4-4. Converged fr, fp, fm, p, and y values for reservoir oils characterized using the PnA
method. For these oils, available data are limited to overall compositions, saturation

pressures, and liquid densities.

APl TRES gk g

Oil MW
References
(K)

No. (gm/mol)

fp fm p \

1 Quifiones -Cisneros et al. (2005), Oil-8 443.08 9.50 322.05 13 2.064 1.728 0.361 8.0 0.091
Quifiones -Cisneros et al. (2005), Oil-7 43159 11.63 322.05 12 1.683 1.647 0.370 8.0 0.041

3 Quifiones -Cisneros et al. (2004a), Oil-6 ~ 377.88 13.38 322.05 13 2.871 1819 0.245 7.5 0.063
4 Quifones -Cisneros et al. (2004a), Oil-5  422.94 11.98 322.05 13 1.787 1.659 0.381 7.5 0.048
5 Quifiones -Cisneros et al. (2004a), Oil-1 170.59 20.81 33040 16 2.879 1.760 0.403 6.0 0.084
6  Quifiones -Cisneros et al. (2004b), Oil-8 182.05 2425 33315 16 2771 1.893 0429 9.0 0.227
7 Quifiones -Cisneros et al. (2004b), Oil-7 159.99 29.24 33040 16 2.288 1.731 0.439 8.0 0.088
8  Quifiones -Cisneros et al. (2004b), Oil-6 118.18 35.61 346.15 5 1.802 1.514 0414 7.0 1.092
9  Quifiones -Cisneros et al. (2004b), Oil-5  130.55 28.30 337.85 3 2781 1.786 0.444 6.0 0.200
10 Quifiones -Cisneros et al. (2004b), Oil-4 114.57 33.35 33785 6 2248 1.600 0468 55 0.443
11 Quifiones -Cisneros et al. (2004b), Oil-3 87.80 40.46 33725 5 1.744 1256 0470 4.0 0.988
12 Quifiones -Cisneros et al. (2004b), Oil-2 89.83 47.63 366.45 11 1.419 1.047 0446 4.0 0.809
13 Quifiones -Cisneros et al. (2004b), Oil-1 86.57 60.18 42760 13 1.128 1.000 0.585 2.5 0.340
14 Oil* 296.90 22.60* 357.50 13 1.936 1.433 0.284 5.7 0.535
15 Coats and Smart 1986, Oil-1 123.79 34.04 35537 8 2249 1646 0.394 6.6 1.011
16 Coats and Smart 1986, Oil-6 83.31 40.90* 385.37 20 1.325 1.033 0.440 4.1 1.390
17 Coats and Smart 1986, Oil-7 113.60 39.70* 328.15 20 1.334 0.997 0.390 3.7 1.459
18 Quifiones -Cisneros et al. (2003), Oil-5 240.24 2019 34593 15 2615 1.815 0.343 4.0 0.110
19  Cullick et al. 1989, Light Oil 105.28 43.68 37759 8 1.075 0978 0.436 6.1 1.309
20 Pedersen et al. 1992, Fluid-1 124.57 3573 34475 8 2.160 1532 0.462 5.8 0.402
21 Coats and Smart 1986, Oil-4 96.22 41.30* 316.48 10 1.546 1.152 0.423 4.6 1.498
22 Quifiones -Cisneros et al. (2005),L-Oil-2 80.90 62.40 418.15 22 1.402 1.033 0.446 25 1.312
23 Sharma 2004, West Sak Oil 228.88 18.68 299.81 10 1.635 1.605 0.566 5.7 0.048

"This is an actual oil, but the source is not mentioned for confidentiality.

*As reported. All other API gravities are calculated from density at 288.15 K and 1.01325 bars.

# k is number of density data.
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Table 4-5. Converged f1, fe, fm, p, and y values for volatile oils characterized using the PnA
method. PVT data are available for these oils, such as CVD and CCE data.

MwW

Data Limits

H Y
8” References (gm/  °API Tres fr fp fn p v Value Dev.
O. (K) #
mol) (Type™)
1 Al-Meshari 2004, Fluid-12 46.07 50.3 354.82 1.018 1.018 0.562 2.3 0.620 38.20 (1) 3.19
2  Al-Meshari 2004, Fluid-13 56.06 36.7 364.82 1.972 1.344 0437 2.3 0.503 3.93 (3) 0.02
3 Al-Meshari 2004, Fluid-14 54.57 40.7 360.93 1.412 1.188 0.486 24 0.555 1.00 (3) 0.01
4 Al-Meshari 2004, Fluid-15 51.11 575 353.15 1.106 0.973 0.662 29 0.829 2.98 (3) 0.02
5  Al-Meshari 2004, Fluid-16 59.63 55.6 425.93 0.957 0.957 0.525 2.5 0.600 35.30 (1) 2.12
6  Al-Meshari 2004, Fluid-17 67.32 445 41482 1.179 0.998 0418 2.5 0.806 6.84 (3) 0.03
7  Al-Meshari 2004, Fluid-18 59.90 54.4 423.15 0.980 0.991 0.628 3.2 0.569 7.57 (3) 0.03
8  Al-Meshari 2004, Fluid-19 62.65 59.5 377.59 1.092 0.977 0458 4.3 1.315 4.06 (3) 0.01
9 Qil* 86.68 56.6 376.75 1.568 1.048 0487 4.0 1.144 2.46 (3) 0.01
10 McVay 1994, Oil A 50.93 44.5* 408.70 0.956 0.956 0.643 2.5 0.670 33.30 (1) 6.38
11 McVay 1994, QilB 5750 56.7 393.70 0.956 0.956 0.596 3.1 0.760 49.50 (1) 3.13
12 Yang et al. 1997.% 37.94 575 37160 1.043 1.043 0648 2.0 0.280 13.69 (2) 2.93

* As reported. All other API gravities are calculated from density at 288.15 K and 1.01325 bars.

#

¥ Deviation = Sum of absolute of (experimental value —predicted value)/number of data point
F Oil no. 12 is near critical.
"This is an actual oil, but the source is not mentioned for confidentiality.

(1) is CVD liquid saturation (%), (2) is CCE liquid saturation (%), (3) is CCE relative volume (volume/volume)

Table 4-6. Converged fr, fp, fm, p, and y values for gas condensates characterized using the
PnA method. PVT data are available for these oils, such as CVD and CCE data.
. MW Maximum v
F'\Ilwd References (gm/  °API Tres  fr&fp fr p % Data Value D°V-
0. (K) #
mol) (Type™)
1 Al-Meshari 2004, Fluid-3 31.53 58.3 42482 0972 0485 2.0 0.760 11.70 (1) 1.15
2 Al-Meshari 2004, Fluid-4 31.44 59.9 403.15 0.970 0.513 2.0 0.680 13.00 (1) 2.12
3 Al-Meshari 2004, Fluid-5 32.41 604 38259 0974 0530 21 0.730 23.30 (2) 5.54
4 Al-Meshari 2004, Fluid-7 36.62 59.6 397.59 0975 0.756 2.6 0.720 25.00 (1) 5.38
5 Al-Meshari 2004, Fluid-8 40.77 62.9 42482 0.970 0.710 2.2 0.410 30.40 (1) 1.63
6%  Al-Meshari 2004, Fluid-10 39.23 64.7 42259 0971 0545 3.3 0.670 33.60 (1) 1.15
7+  Al-Meshari 2004, Fluid-11 41.71 62.3 42482 0.970 0.516 3.0 0.820 32220 (1) 1.91
8+  Coats and Smart 1986, Gas-5 30.29 61.8 403.70 0.971 0.552 2.0 0.660 4.17 (3) 0.01
9 Guo and Du 1989, Sample-7 2553 71.2 406.45 0971 0527 2.0 0.780 5.82 (1) 0.65
10 Imo-Jack 2010 2576 54.0 38259 0.972 0.725 2.2 0.520 9.25(1) 1.55
11¥# Coats 1985 4440 66.4 43593 0.965 0.629 4.0 0.790 2.61(3) 0.01
12% McVay 1994, Gas B 40.58 58.5 387.59 0.974 0.444 2.0 0.660 40.90 (1) 0.78
13 Danesh 1998 27.29 553 394.00 0.973 0.430 2.0 1.060 11.32(1) 1.82
14 Pedersen and Christensen 2007 29.14 58.5 428.15 0.973 0.540 2.0 0.800 11.89 (2) 2.24
15 Hosein et al. 2013, PL-1 23.64 589 358.78 0972 0528 2.0 0.760 8.15(1) 0.72
16 Hosein et al. 2013, PL-2 22.10 52.8 378.15 0.974 0.513 2.0 1.280 5.08 (1) 0.42
17 Hosein et al. 2013, PL-3 2155 64.9 35759 0.972 0.622 2.0 0.520 4.00 (1) 1.56
18 Hosein et al. 2013, PL-4 20.62 57.3 364.22 0971 0566 2.0 1.050 3.73(1) 0.37
19 Hosein et al. 2013, PL-5 20.30 64.3 35537 0.973 0.640 2.0 0.610 3.79(1) 0.55
20 Hosein et al. 2013, PL-6 19.75 55.1 367.59 0.972 0.607 2.0 1.350 1.89(1) 0.23
21 Moore 1989, CS-1 32.61 71.1 366.48 0972 0.690 2.5 0.350 19.90 (1) 5.21
22 Moore 1989, CS-2 35.04 59.7 410.93 0.970 0.659 2.0 0.490 21.60 (1) 2.84
23 Moore 1989, CS-3 24.45 61.4 36537 0.971 0.721 2.0 0.930 217 (1) 048
24 Whitson and Torp 1983, NS-1 35.04 44.0* 41043 0971 0.659 2.0 0.490 21.60 (1) 2.83
25  Whitson and Brulé 2000,GOCW-7 33.62 60.5 358.70 0.973 0.575 2.5 1.050 23.90 (1) 2.50
26 Drohm et al. 1988, Example-1 54.92 57.1 41090 0.890 0.572 2.9 0.960 69.81 (1) 8.79
27 Drohm et al. 1988, Example-2 32.65 59.5 436.70 0.975 0.684 2.0 0.530 15.63 (1) 0.96
28 Drohm et al. 1988, Example-3 26.26 58.4 393.20 0.973 0.604 2.0 1.000 4.75(1) 0.63
29 Drohm et al. 1988, Example-4 28.34 59.0 37760 0.971 0.586 2.1 0.830 11.84 (1) 0.73
30 Drohm et al. 1988, Example-5 21.27 56.4 377.60 0970 0.716 2.0 1.340 1.69(1) 043
31 JAPEX 29.81 58.9 402.59 0.972 0.641 2.0 0.570 6.67 (3) 0.06
* As reported. All other API gravities are calculated from density at 288.15 K and 1.01325 bars.
# (1) is CVD liquid saturation (%), (2) is CCE liquid saturation (%), (3) is CCE relative volume (volume/volume)
¥ Deviation = Sum of absolute of (experimental value —predicted value)/number of data point
* Gas condensates 6, 7, 8, 11, and 12 are near critical
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Figure 4-1. Dimensionless molar Gibbs free energy change on mixing for the ternary fluid given in Table

4-1 at 330.4 K and 196.48 bars.
Contour lines are drawn with the interval of 0.05 between -0.85 to 2.0. The PR EOS is used without

volume shift.

Figure 4-2. Dimensionless molar Gibbs free energy change on mixing for the ternary fluid given in Table

4-1 at 330.4 K and 196.48 bars.
Contour lines are drawn with the interval of 0.05 between -0.85 to 2.0. The PR EOS is used. Volume

shift parameters are used in regression.
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Injection Gas

'

Figure 4-3. Phase envelope for the ternary fluid given in Table 4-1.
The PR EOS is used without volume shift. MMP calculated for the injection gas is 351.86 bars at 330.40
K.

L Components:
1— = N2:C°2+C1
H =C,*
T =330.40K
P, =196.48 bars
MMP = 250.75 bars
Injection Gas

/

Figure 4-4. Phase envelope for the ternary fluid given in Table 4-1.

The PR EOS is used. Volume shift parameters are used in regression. Use of volume shift results in a
two-phase envelope that is significantly smaller than that in Figure 4-3. MMP calculated for the injection
gas is 250.75 bars 330.40 K.
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Figure 4-5. Chi-squared distributions for different p values in Equation 4-5.
The p parameter controls the degree of skew and the size of effective composition space. A lighter fluid

tends to have a smaller p value. For light fluids, the effective CN (or MW) range is small compared to
heavy oils.

1.15
o Uniform Perturbation, f;= 1.60, fo=1.25, ;= 0.60
< Uniform Perturbation, f;= 3.60, fo=2.00, f,=0.35
1.05 r
2
>
e
O]
© 095 |
:‘6
(0]
Q
(7]
T 085
@
©
c
=
]
0.75
065 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40

Carbon Number

Figure 4-6. Standard specific gravity (SG) calculated for aromaticity levels 10 and 60 using uniform
perturbation from n-alkanes.
The perturbation was made by matching the standard SG for C7 at the two aromaticity levels given in

Yarborough (1979). Critical parameters are calculated using the correlations of Kumar and Okuno
(2012a). The plots show that the uniform perturbation gives deviation from Yarborough'’s trend curves
for higher CN. However, the deviation levels off at a certain CN.
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Figure 4-7. Absolute deviation for standard SG calculated for two aromaticity levels 10 and 60 using
uniform perturbation from n-alkanes.
Absolute deviation increases with increasing carbon number and becomes nearly constant for high CNs.
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Figure 4-8. Variable perturbation from n-alkanes to match the standard SG curves from Yarborough
(1979).

Aromaticity of 10 is considered. Uniform perturbation is appropriate for the higher CN range, while
sharply increasing perturbation is required for the lower CN range.
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Figure 4-9. The attraction (a) parameter for three levels of aromaticity 0, 10, and 60.
The original correlations of Kumar and Okuno (2012b) are used for n-alkanes (i.e., zero aromaticity).

The fr, fr, and fm values fitted to Yarborough’s trend curves are used for the aromaticity levels 10 and
60. Temperature is 288.15 K.
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Figure 4-10. The covolume (b) parameter for three levels of aromaticity 0, 10, and 60.
The original correlations of Kumar and Okuno (2012b) are used for n-alkanes (i.e., zero aromaticity).

The fr, fr, and fm values fitted to Yarborough’s trend curves are used for the aromaticity levels 10 and
60. Temperature is 288.15 K.

128



0.50

¢ o = n-Alkane
¢ o Variable Perturbation, Aromaticity = 10
0.45 F ¢ o o Variable Perturbation, Aromaticity = 60
o Temperature = 288.15 K
Q <&
@ <
2 040 | e
2 o
o~ <
@,_ 000000004 000
€ 035 freo, Co,
I I I PN
- . "y H g 20 o
" "3 <&
e L : o oo
0.30 + Fa, T0e
L .
025 1 1 1 1 L 1 1
5 10 15 20 25 30 35 40

Carbon Number

Figure 4-11. The y parameter (y = a/b?) for three levels of aromaticity based on the values for a and b
parameters in Figures 4-9 and 4-10.
Temperature is 288.15 K. The y parameter for each component is calculated using Equation 4-13.
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Figure 4-12. The y parameter (y = a/b?) for three levels of aromaticity at 370.15 K.
All critical parameters and acentric factors are the same as in Figures 4-9 and 4-10. The y parameter

changes its sensitive to aromaticity around the CN of 20. Trend curves are given for the lighter and
heavier model fluids. For the model trends, the physical trend is also considered that heavier fractions
are relatively more naphthenic and aromatic than lighter fractions.
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Figure 4-13. Trends of the fr, fp, fm, and y parameters during iteration for oil 2 given in Table 4-2.
As y increases from the starting value of zero, fr, fp, and fm decrease. Convergence is achieved when

the rate of increase in y or the rate of decrease in fr, fr, and fm becomes negligible.
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Figure 4-14. Trends of the ¢ function and the y parameter during iteration for oil 2 given in Table 4-2.
The ¢ function is defined in Equation 4-12. In our earlier work (Kumar and Okuno 2012a), the € function

was the stopping criterion in regression. Here, the € function is not the stopping criterion in regression.
The ¢ function decreases with increasing y value, and is sufficiently small on convergence
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Figure 4-15. The y parameter (y = a/b?) for oil 1 given in Table 4-2.
Four different schemes are used for characterization; PnA with uniform perturbation, PnA with variable

perturbation, CMwoV, and CMwV. The dashed curve shows the y trend when the PnA method uses y
of 1.08 to match the slim-tube MMP of 220 bars.
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Figure 4-16. Minimum miscibility pressures calculated for different y values for oil 1 (Table 4-2) at 374.85
K.
The injection gas has molar composition of 0.48% N2, 4.97% COz2, 58.22% C1, 17.14% C2, 12.10% Cs,

4.97% C4, 1.66% Cs, and 0.53% Cs. A monotonic change in the calculated MMP is observed with
respect to y. The slim-tube MMP of 220 bars can be predicted with y of 1.08.
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Figure 4-17. The trend of the a parameter for the four pseudocomponents for each of four cases
considered in Figure 4-15.
The dashed curve shows the trend for the a parameter when the PnA method uses y of 1.08 to match
the slim-tube MMP of 220 bars.
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Figure 4-18. The trend of the b parameter for the four pseudocomponents for each of four cases

considered in Figure 4-15.
The dashed curve shows the trend for the b parameter when the PnA method uses y of 1.08 to match

the slim-tube MMP of 220 bars.

132



3.0

- .
* *
26 *
o
s .
-
é 22 ¢ o
g *
- +
@
© 1.8 . .
o .
> +
& * *
O * *e
14 + ': * . *
. *
* S . *
1'0 1 1 1 1
0 10 20 30 40 50 60

API Gravity, degrees

Figure 4-19. Trend of the converged fr values with respect to the API gravity.
Heavier fluids tend to require more perturbation from n-alkanes.
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Figure 4-20. Trend of the converged fr values with respect to the API gravity.
Heavier fluids tend to require more perturbation from n-alkanes.
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Figure 4-21. Trend of the converged fm values with respect to the API gravity.
Heavier fluids tend to require more perturbation from n-alkanes.
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Figure 4-22. Trend of y parameter with fluid API gravity.
The y parameter becomes greater for lighter fluids. For heavy oils, variable perturbation from n-alkanes

is less significant; the importance of the y and y parameters diminishes as the API gravity becomes
lower. For extra heavy oils, the PnA method reduces to the previous PnA method developed in Kumar
and Okuno (2012a).
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Figure 4-23. Average gradient of y (Ay/AM) for different fluids.
This average gradient is calculated using y’s and MWs for the lightest and heaviest pseudocomponents.

The gradient is small for heavy fluids, and gradually increases as the API gravity increases.
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Figure 4-24. Average gradient of @ (Ay/AM) with respect to y.
As y increases, the average gradient also increases.
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Figure 4-25. Comparisons of C1-MMPs for 22 oils in Table 4-4 using the PnA method and those from

pseudo data.
Good agreement is observed except for the API gravity range between 30 and 40. This is attributed to

the discontinuity in the CMwioV characterization used to generate pseudo data. PVTsim used in the
CMwioV gives two different characterization options, normal and heavy characterizations, based on an
oil gravity criterion of 30°API.
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Figure 4-26. Comparisons of CO2-MMPs for 18 oils in Table 4-4 using the PnA method and those from

pseudo data.
Good agreement is observed except for the API gravity range between 30 and 40. This is attributed to

the discontinuity in the CMwioV characterization used to generate pseudo data. PVTsim used in the
CMuwiV gives two different characterization options, normal and heavy characterizations, based on an
oil gravity criterion of 30°API.
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Figure 4-27. CVD liquid saturation for volatile oil 1 given in Table 4-5.
The reservoir temperature is 354.82 K. The oil has 12.92% Cz7+ mole fraction. The molecular weight of

C7+ is 205 gm/mol, and the overall molecular weight is 46.07 gm/mol. Predictions are also presented
using the PnA method with different y values and CMwoV methods. The y parameter converges to 0.62
using the algorithm given in section 4.3.4.
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Figure 4-28. CVD liquid saturation for volatile oil 5 given in Table 4-5.
The reservoir temperature is 425.93 K. The oil has 17.2% Cr7+ mole fraction. The molecular weight of

C7+ is 218 gm/mol, and the overall molecular weight is 59.63 gm/mol. Predicted values are also
presented using the PnA methods.
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Figure 4-29. CCE relative volume curve for volatile oil 6 given in Table 4-5.
The reservoir temperature is 414.82 K. The oil has 19.0% C7+ mole fraction. The molecular weight of

C7+ is 250 gm/mol, and the overall molecular weight is 67.32 gm/mol. Predicted values are also
presented using the PnA methods.
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Figure 4-30. Comparison of the ai and bi parameters for pseudocomponents for volatile oil 1 given in
Table 4-5.
Characterizations were made using the PnA and CMw,oV methods.
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Figure 4-31. Comparison of y trends for pseudocomponents for volatile oil 1 given in Table 4-5.
Characterizations were made using the PnA and CMwiV methods. The y trend for the PnA method

exhibits a combined trend of the two model fluids in Figure 4-12. The CMwoV method results in the @
trend that exhibits a minimum for the second lightest pseudocomponent.

100

80

CCE Liquid Volume, %

20 +

60

40 r

50 100

150 200 250 300
Pressure, bars

350 400 450

Figure 4-32. CCE liquid saturation for near-critical volatile oil 12 given in Table 4-5.
Predicted values are also presented using the PnA method. The reservoir temperature is 371.6 K, and

the critical temperature is 388.1 K. The oil has 9.86% C7+ mole fraction. The molecular weight of the
C7+ fraction is 192.8 gm/mol, and the overall molecular weight is 37.94 gm/mol.
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Figure 4-33. CVD liquid saturation for gas condensate 20 given in Table 4-6 at 367.6 K.

The gas condensate has 1.62% C7+ mole fraction. The molecular weight of the C7-+ fraction is 143
gm/mol, and the overall molecular weight is 19.75 gm/mol.

35

CVD Liquid Volume, %

0 50 100 150 200 250 300 350
Pressure, bars

Figure 4-34. CVD liquid saturation for gas condensate 5 given in Table 4-6 at 424.82 K.
The gas condensate has 10.87% C7+ mole fraction. The molecular weight of the C7- fraction is 173.0

gm/mol, and the overall molecular weight is 40.77 gm/mol.

140



Fluid 20

Fluid 4
Fluid 26

Fluid 12

a/b?, 104 bars
o
N
[o+]

5 10 15 20 25 30 35
Carbon Number

Figure 4-35. Trends of y for gas condensates 4, 12, 20, and 26 given in Table 4-6.
For gas condensates, the CN range of pseudocomponents is narrow. Therefore, y trends are increasing

as shown in Figure 4-12. In general, the slope of y becomes smaller as the CN range of
pseudocomponents becomes wider.
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Figure 4-36. CVD liquid saturation for near-critical gas condensate 7 given in Table 4-6 at 424.82 K.
The gas condensate has 12.39% C7+ mole fraction. The molecular weight of the C7+ fraction is 158.23

gm/mol, and the overall molecular weight is 41.71 gm/mol. Predictions are presented using the CMwV
method and the PnA method with different y values; 0.82, 0.93, 1.00, 1.10, and 1.20. The y parameter
converges to 0.82 using the algorithm given in section 4.3.4.

141



s
o

o Critical Point for PnA
35  Critical Point for CM,,V
—PnA
30 r — CMV
g 25 -
= Best match with PnA at
g 20 r y=0.93
8
& 15
10
5 L
0 . L L L L L |

400 450 500 550 600 650 700 750
Temperature, K

Figure 4-37. P-T phase envelope for the C7* fraction using the three fluid models shown in Figure 4-36.
The three models have similar phase behavior for the C7+ fraction. Liquid saturation given in Figure 4-

36 is sensitive to the C7+ phase behavior.
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Figure 4-38. Quality lines for near-critical gas condensate 6 given in Table 4-6.
Vapor molar phase fractions () are shown beside the curves. The calculated critical temperature and

critical pressure are 402.0 K and 339.2 bars, respectively. The reservoir temperature (Tres) and
pressure (Pres) are is 422.6 K and 339.4 bars, respectively.
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Figure 4-39. CVD liquid saturation for near-critical gas condensate 6 given in Table 4-6 at 422.6 K.
The gas condensate has 12.27% C+7* mole fraction. The molecular weight of the C7* fraction is 154.93

gm/mol, and the overall molecular weight is 39.23 gm/mol.
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Figure 4-40. Oleic phase saturation data and predictions using the PnA method for heavy oil 23 given

in Table 4-4 (Sharma 1990) at 299.81 K.
This is a mixture of 40% oil and 60% CO..
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Figure 4-41. Oleic phase saturation data and predictions using the PnA method for heavy oil 23 given
in Table 4-4 (Sharma 1990) at 299.81 K.
This is a mixture of 20% oil and 80% CO2. The converged y value is 0.048 using the algorithm given in

section 4.3.4
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Figure 4-42. The y parameter (y = ai/b2) for pseudocomponents for heavy oil 23 given in Table 4-4.
Two characterizations compared are from Aghbash and Ahmadi (2012) and the PnA method. The y
parameter monotonically decreases with CN for the two cases, which is in line with our discussion for
heavy oils in Figure 4-12.
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Figure 4-43. Three-phase region from the PnA method is compared with pseudo data for a mixture of
20% oil 23 (Table 4-4) and 80% CO:.
Pseudo data has been created using 30 components (with 22 pseudocomponents) based on the

conventional characterization using the PR EOS without volume shift.
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Figure 4- 44. Three-phase region from the PnA method is compared with pseudo data for a mixture of
10% oil 5 (Table 4-4) and 90% Ca.
Pseudo data has been created using 30 components (with 22 pseudocomponents) based on the

conventional characterization using the PR EOS without volume shift.
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Figure 4-45. Three-phase region from the PnA method is compared with pseudo data for a mixture of
10% oil 5 (Table 4-4) and 90% Cs.

Pseudo data has been created using 30 components (with 22 pseudocomponents) based on the
conventional characterization using the PR EOS without volume shift.
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Chapter 5: Direct Perturbation of the Peng-Robinson Attraction and Covolume

Parameters for Reservoir Fluid Characterization

A version of this has been published in Chemical Engineering Science, Year (2014),

Volume: 127, Pages: 293-309.
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5.1. Introduction

The interaction of fluid flow with phase behavior can be significant in many petroleum reservoir
processes, such as hydrocarbon-gas, CO2, and steam injection. Reliable design of these reservoir
processes requires compositional simulation, where the fluid system is characterized using a cubic
equation of states (EOS). Widely used EOSs in the petroleum industry include the Peng-Robinson (PR)
EOS (1976, 1978) and the Soave-Redlich-Kwong (SRK) EOS (1972). These EOSs along with the van
der Waals (vdW) mixing rules, when properly used, give reasonable accuracy and high computational
efficiency (lkeda and Schaefer 2011).

Reservoir fluids contain a large number of compounds, most of which are non-identifiable. They
are reported as single carbon number (SCN) fractions and a lumped fraction (a plus fraction; e.g., the
heptane-plus fraction or C7+) in a compositional analysis. The uncertainties associated with non-
identifiable compounds are more significant for heavier reservoir fluids because their fractions are
higher. Even for a well-defined series of n-alkanes, for example, critical points are uncertain for carbon
numbers (CNs) higher than 36 (Niktin et al. 1997). Also, different types of hydrocarbons are present
within each SCN fraction, such as paraffins (P), napthenes (N) and aromatics (A). Their concentrations
and critical properties are unknown.

A conventional procedure for reservoir fluid characterization using an EOS is to adjust various EOS-
related parameters to match the experimental data available, such as bubble- and dew-points and
densities. The adjustment parameters often used include critical temperature (Tc), critical pressure (Pc),
acentric factor (w), volume-shift parameters, and binary interaction parameters (BIPs). The constant
terms for the attraction (a) and covolume (b) parameters, Qa and Q», are also sometimes used as
adjustment parameters. Since the relationship between these EOS-related parameters and phase
behavior predictions is rather implicit and non-linear, matching the experimental data available does not
always yields a reliable fluid model that is accurate at thermodynamic conditions away from experimental
conditions. This is true especially when many EOS-related parameters are simultaneously regressed
to the available experimental data. Thus, the correlative accuracy of a fluid model does not necessarily
mean the predictive capability.

How phase behavior predictions can be controlled through a cubic EOS is not fully understood in
the literature. Phase behavior predictions using a cubic EOS depend on the attraction (a) and covolume
(b) parameters. When BIPs are used for a mixture, they affect the phase behavior predictions through
the mixing rules used. It is obvious that phase behavior predictions can be controlled more directly by
the attraction and covolume parameters than by Tc, Pc, and w. Current practice of reservoir fluid
characterization mentioned above does not effectively utilize the original simplicity of cubic EOSs.

For single-component fluids, various researchers conducted direct adjustment of the attraction and
covolume parameters. Thodos (1955a) estimated the attraction and covolume parameters of the vdW
EOS for n-alkanes using a group contribution method. The approach was later applied to unsaturated
aliphatic, naphthenes, and aromatics (Thodos 1955b, 1956, 1957). Deriving Tc and Pc from the
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attraction and covolume parameters is straightforward in this case since the vdW attraction parameter
does not depend on temperature. Tsonopoulos and Wilson (1983), Heidman et al. (1985), Enick et al.
(1987), and Economou et al. (1997) directly adjusted the attraction and covolume parameters of an EOS
to match the vapor pressure and liquid density data for water. They used the Zudkevitch and Joffe
modification of the Redlich-Kwong EOS (Zudkevitch and Joffe 1970). Optimization of components’
parameters to match vapor pressure and liquid density data has been also performed with other types
of EOSs (Voutsas et al. 2006, Aparicio-Martinez and Hall 2006).

Ahmed and Meehan (2010) developed correlations for the attraction and covolume parameters of
the PR EOS for the Cr- fraction as a single component. They generated 49 hypothetical plus-fractions
based on the correlations of Riazi and Daubert (1986) for molecular weight (MW), boiling point (Ts), and
specific gravity (y). For each fraction, 100 densities were specified in pressure-temperature space. The
attraction and covolume parameters adjusted to match the densities were correlated with MW, Ty, and
y. Their correlations were recommended for density prediction of crude oil and gas condensate. Their
EOS models exhibited significant improvement in phase behavior predictions for gas condensates and
oils without volume shift. They concluded that splitting of a plus fraction was not required. Although
saturation pressures were matched by adjusting BIPs, their approach was not tested in term of the
predictive capability of compositional phase behavior, such as minimum miscibility pressures, swelling
test, and gas solubilities.

Characterization of a plus fraction using multiple pseudocomponents becomes important when an
EOS model is used not only to predict phase densities, but also to simulate vaporization and
condensation of intermediate components in various enhanced oil recovery processes. To the best of
our knowledge, however, no method has been presented in the literature that directly adjusts the
attraction and covolume parameters of a cubic EOS to characterize volumetric and compositional phase
behavior of petroleum reservoir fluids.

The attraction and covolume parameters have been indirectly adjusted through Tc, Pc, and w in
prior characterization methods. This is likely because the attraction and covolume parameters are not
measurable and EOS-specific. However, this is also true for Tc, Pc, and w for non-identifiable
compounds in fluid characterization using an EOS. Each of SCNs and plus fractions contains a number
of different compounds, such as the paraffinic, naphthenic, and aromatic compounds, with unknown
concentrations. Furthermore, these fractions are grouped into a few pseudocomponents so that EOS
computations are efficient in reservoir flow simulation. Therefore, apparent properties (e.g., Tc, Pc, and
w) of pseudocomponents are only estimated, and even extrapolated for high-CN fractions. It is difficult
to justify the reliability of the estimated critical properties in the absence of measured values. Also, the
parameter values estimated for pseudocomponents are usually adjusted to correlate experimental data
based on the EOS used. Thus, the properties of these components eventually become EOS-specific.

A characterization method was recently presented in our previous publications (Kumar and Okuno

2013) based on the concept of perturbation from n-alkanes (PnA). Instead of attempting to estimate
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apparent critical properties of pseudocomponents, the PnA method first assigned the
pseudocomponents the optimized Tc, Pc, and w values with which the PR EOS gives accurate
predictions of vapor pressures and liquid densities for n-alkanes. Then, they were perturbed from the
n-alkane values in well-defined directions until the saturation pressure and liquid density data at the
reservoir temperature were matched. The perturbation was conducted in the increasing direction for Tc
and Pc, and in the decreasing direction for w to make the pseudocomponents gradually more aromatic.
The perturbation also controlled the qualitative trend of the w parameter (@ = a/b?) with respect to CN.
This ensured that the attraction (a) and covolume (b) parameters for each pseudocomponent had proper
interrelationship depending on the CN range of pseudocomponents. Extensive testing of the PnA
method by use of 77 different reservoir fluids showed that various types of phase behavior were
accurately predicted once the saturation pressures and liquid densities were matched.

The PnA method did not require volume shift to match densities for the fluids studied. This is
desirable for the following reasons; i) when used as adjustment parameters, volume shift affects phase
behavior predictions at the thermodynamic conditions that the available PVT data do not cover (Kumar
and Okuno 2013, 2014), and ii) volume shift parameters cannot be canceled out from the fugacity
equations, if the effect of capillary pressures is significant on the equations. The second reason is
becoming important considering the increasing interests in hydrocarbon recovery from tight/shale
reservoirs, where pore geometries affect phase behavior (Schulte 1980; Whitson and Belery 1994;
Nojabaei et al. 2013).

In this research, the PnA method is simplified by directly perturbing the attraction and covolume
parameters, instead of Tc, Pc, and w, for reservoir fluid characterization by use of the PR EOS. The
development of the direct PnA method begins by establishing the attraction and covolume parameters
for n-alkanes up to n-C100. The effects of aromaticity on the a, b, and y parameters are then discussed.
A new algorithm developed for reservoir fluid characterization controls phase behavior predictions
through direct perturbation of the b and y parameters. The algorithm is applied to 84 different reservoir
fluids, for which phase behavior data are available in the literature. Results show the reliability,

robustness, and simplicity of the direct PnA method.

5.2. Attraction and Covolume Parameters for Hydrocarbons
Tc, Pc, and w for n-alkanes from n-C7 through n-Ci00 were optimized in terms of liquid densities and
vapor pressures by use of the PR EOS (Kumar and Okuno 2012). As presented in the Supporting
Information (Section 5-S1), it has been confirmed that the PR attraction and covolume parameters for
n-alkanes based on Kumar and Okuno (2012) are suitable for the direct perturbation in this research.
In the previous PnA method (Kumar and Okuno 2013), the perturbations of Tc, Pc, and m were
conducted from the n-alkane values towards a higher level of aromaticity to match the saturation
pressure and liquid densities at a given reservoir temperature. This is essentially to perturb the attraction
and covolume parameters from n-alkane values in the direction of increasing level of aromaticity, but

only indirectly. The effect of aromaticity on the parameters and proper interrelationship between the
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attraction and covolume parameters (Kumar and Okuno 2013) are briefly explained in the Supporting
Information (Section 5-S2). The term “aromaticity” was defined by Yarborough (1979) as the percentage
of total carbon atoms in a molecule, which are within the benzene ring. Yarborough (1979) presented
trend curves for specific gravity at 288.15 K and 1.01325 bars as a function of CN and aromaticity. In
his presentation, CN ranged from 7 to 40, and aromaticity from 0 to 80, as reproduced in the Supporting
Information (Section 5-S2, Figure 5-S12).

In Kumar and Okuno (2013), these trend curves were successfully used to explain how perturbation
of critical parameters (equivalently, the attraction and covolume parameters) should be done for the
different CNs. Details were presented in Kumar and Okuno (2013) and summarized in the Supporting
Information (Section 5-S2). In the current paper, the same knowledge is used to guide the direct
perturbation of the attraction and covolume parameters.

The attraction parameter increases with CN for a fixed aromaticity level (Figure 5-S13). The effect
of aromaticity on the attraction parameter is not systematic; i.e., the attraction parameter increases with
aromaticity for light hydrocarbons, and the trend is the other way around for heavier hydrocarbons. The
trend of the covolume parameter is more systematic (Figure 5-S14). The covolume parameter for n-
alkane is higher than that for aromatic hydrocarbons for a given CN. Also, n-alkanes exhibit the largest
gradient of the covolume parameter with respect to CN. Note that aromaticity should be interpreted as
qualitative deviation from n-alkanes within this research.

One of the most important parameters in the PnA method is y (Equation 5-1).

U= =g Rl + mld = (T/T¢)°*])* (5-1)

on the basis of the PR EOS. The y parameter is sensitive to the level of aromaticity for light and
intermediate hydrocarbons (Figure 5-S15). The y parameter monotonically decreases with CN for high
aromaticity levels, but exhibits a maximum for low aromaticity levels, including n-alkanes. The y
parameter for a fixed CN increases with increasing level of aromaticity, and changes its sensitivity to
aromaticity around CN 20. The y parameter is useful in controlling variable perturbation at different
CNs.

5.3. Direct Perturbation of the Attraction and Covolume Parameters

The development of the direct PnA method was motivated by the question as to how many parameters
are required to represent phase behavior of reservoir fluids on the basis of the PR EOS with the vdW
mixing rules. A detailed investigation of phase behavior predictions from the PR EOS has indicated that
the volumetric and compositional phase behaviors are largely determined by the covolume and y
parameters, respectively. Also, these parameters for the pseudocomponents of a given fluid can be
controlled systematically by a few adjustment parameters. The objective of this section is to present a
fluid-characterization algorithm that reflects our findings regarding systematic control over phase
behavior predictions through the PR EOS.
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In the subsequent subsections, a new set of equations is first presented for perturbation of the
covolume and g parameters in MW space. Then, a new algorithm is presented that uses the equations
to match experimental data in reservoir fluid characterization.

5.3.1. Equations for Direct Perturbation

Figure 5-S14 in the Supporting Information shows the covolume parameters calculated on the basis of
Equations 5-S8 and 5-S9. The covolume values for n-alkanes can be correlated with MW as shown in
Equation 5-2:

b =-14.6992113939827 + 1.36977232166027(MW) — 9.12089276536298 x 10-5(MW)? (5-2)

As shown in Figure 5-S14, the covolume parameter for a given pseudocomponent tends to decrease as
it becomes more aromatic. Also, the effect of aromaticity on the covolume parameter tends to be more
significant for a heavier component. The following equation can accommodate these desired trends with

respect to the fv perturbation parameter (Equation 5-3):

bi = —-14.6992113939827 + 1.36977232166027 (MWi/mpi) — 9.12089276536298 x 10-5(MWi/mp;i)?

(5-3)
where i is the index for pseudocomponents and mei = (MWi/86.0)®. The f, perturbation parameter is
zero for n-alkanes, and increases with increasing level of aromaticity in terms of volumetric phase
behavior. The myi parameter increases with MW for a given fv value. When a pseudocomponent has a
MW of 86.0, which corresponds to the MW of n-hexane, the myi parameter is unity regardless of the fo
value applied uniformly to all pseudocomponents within a given fluid.

Figure 5-S15 shows the qualitative trends of the y parameters for two model fluids. The lighter
model fluid exhibits an increasing trend, while the heavier model fluid exhibits a decreasing trend with
respect to MW. The indirect PnA method of Kumar and Okuno (2013) resulted in non-linear @ curves
with respect to MW. However, an extensive testing of the method has indicated that the y parameter

can be linear with respect to MW (Equation 5-4) without loss of reliability. Thus,
Wi = g(MW; — MW1) + Cyn1, (5-4)

where MW+ is the MW of the lightest pseudocomponent (i = 1), and g is the gradient of y with respect
to MW. Cun1 represents the y parameter for the lightest pseudocomponent as a product of the C
multiplier and the w parameter for the lightest pseudocomponent as an n-alkane (yn1). The value of yn1
is calculated by use of Equation 5-1 with Tc, Pc, and m from Kumar and Okuno (2012); that is, MW, and
Wn1 are constants for a given fluid once the compositional characterization is conducted. Then, the y
parameter in MW space can be perturbed through g and C.

Perturbation of the y parameters is not as straightforward as that of the covolume parameters
through Equation 5-3. This is because the g trend depends on the CN range of pseudocomponents,

the level of aromaticity, and temperature. Therefore, a perturbation scheme for y has been developed
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on the basis of a set of the f, g, and C parameters that were optimized for 74 different reservoir fluids.
Four pseudocomponents were used for their plus fractions as in Kumar and Okuno (2013). The gradient
(i.e., g in Equation 5-4) was represented by the summation of f» and fy. The C multiplier in Equation 5-
4 was split into two parts; c that is independent of fo, and ¢’ that is linear with f, with zero intercept.

Out of the 74 fluids, 54 fluids were light, where density data were well represented by f, of zero.
Thus, they behave as n-alkanes in terms of volumetric phase behavior. The C parameters optimized
for these 54 light fluids correspond to the ¢ part, which is considered to represent the effects of the CN
range of pseudocomponents and temperature on the C multiplier. They were correlated with MW+ and

temperature as shown in Equation 5-5:
c = 0.1088[(Tr)"9405 + (M)!-26%6] + 0.5825, (5-5)

where T is the reservoir temperature (Tres) in Kelvin divided by 277.0, and M: is MW+ divided by the
MW of n-heptane (100.2 gm/mol). The absolute average deviation (AAD) of Equation 5-5 from the c
values for the 54 fluids is 4.5%. Equation 5-5 does not need to be very accurate since it will be part of
the regression algorithm that has a few adjustable parameters to match experimental data. This is also
true for the ¢’ part of the C multiplier to be described below.

For the 20 heavier fluids out of the 74 reservoir fluids, fo was positive, representing the effect of
aromaticity on volumetric behavior predictions. To extract the ¢’ part from the C multipliers optimized
for these 20 fluids, the c values calculated by use of Equation 5-5 were subtracted from the optimized
C multipliers. Then, the resulting ¢’ part, which is considered to represent the aromaticity effect on the

C multiplier, was correlated as shown in Equation 5-6.
¢’ =[1.0998(fp + fy)/Pr + 0.1763]Zsatfo. (5-6)

Zsat is the liquid compressibility factor calculated at the experimental saturation pressure (Psat) at Tres.
P: is the saturation pressure at Tres under the assumption that the pseudocomponents are n-alkanes,
divided by Psat. The calculation of Pr requires the PR EOS with Tc, Pc, and m from Kumar and Okuno
(2012) and Psat. Figure 5-1 shows the quality of Equation 5-6 in correlating c'/Zsatfb with (fo + fy)/Pr.
Although the AAD of Equation 5-6 for the 20 fluids is 35%, it is successfully used in the regression
processes with fp and fy as will be shown later.

Equation 5-4 is then rewritten as Equation 5-7.
Wi = g(MWi — MW 1) + Cyn1 = (fo + fy)(MWi — MW1) + (C + C')Wn1 (5-7)

in this research. Obviously, this is only one of many possible ways to use the linear form of the y
parameter in MW space. Equations 5-3 and 5-7 are simple, but flexible enough for perturbation of the
fo, g, and C parameters in reservoir fluid characterization as presented in the next subsection.

A single value is assigned to each of the perturbation parameters fv, g, and C for a given fluid.

However, the different levels of aromaticity for different components within a fluid have been considered
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in the development of Equation 5-3 for covolume by using mei. As shown in the Supporting Information
(Section 5-S2), the aromaticity effect on the attraction parameter through y is not as systematic as that
on covolume. As will be also shown in Section 5.4, this is likely because the trend of pseudocomponents’

attraction parameters depends not only on aromaticity, but also on temperature and CNs.
5.3.2. Algorithm

The algorithm presented in this research is kept as simple as possible. The covolume parameters are
perturbed by use of Equation 5-3 through fo. The y parameters are perturbed by use of Equation 5-7
through g and C, or through fo, fy, and c. Note that c is adjustable to some extent because it is not exact
as the C multiplier when f, is zero, as mentioned previously. The data to be matched are the Psar at
Tres and liquid density data at Tres at different pressures. Other available data are saved for testing
the predictive capability of the resulting fluid models, such as minimum miscibility pressures (MMPs),
and liquid saturation curves from constant volume depletion (CVD) and constant composition expansion
(CCE).

The algorithm consists of two nested loops as shown in the flow chart, Figure 5-A1, in Appendix
5-A. The inner loop is to match the Psat by adjusting fy in Equation 5-7 for a set of fo and c given by the
outer loop. The initial value for fy is zero, and fy is adjusted by Afy per iteration (e.g., Afy =0.0001). The
sign for Afy (i.e., + Afy or — Afy) is negative if the saturation pressure is calculated to be higher than the
experimental value. Otherwise, it is positive.

The outer loop is to match density data by adjusting either ¢ in Equation 5-7 or fy in Equations 5-3
and 5-7. Adjustment of c is first attempted to see if the deviation of density predictions is entirely
attributed to the c correlation (Equation 5-5); that is, f» is always zero when c is adjusted. Adjustment of
c is made by Ac (e.g., Ac = 0.001) in each iteration. The sign for Ac (i.e., + Ac or — Ac) is determined to
make the average deviation (AD) of density predictions smaller. Once the sign is determined in the first
iteration step, it can be kept for the subsequent iteration steps until the AD changes its sign because the
relationship between the density AD and c is monotonic within the range of investigation in this research.
Figure 5-2 shows the monotonic change of the density AD with respect to ¢ for two example cases.
The zero deviation can be obtained by either + Ac or — Ac.

It is not always possible to achieve zero density AD by adjusting ¢ with zero fo. This is because the
covolume parameters should be adjusted for heavy hydrocarbon mixtures, for which the PR EOS tends
to underpredict liquid densities (Sareide 1989; Kumar and Okuno 2014). It has been observed that,
with the fluids examined, c is between 0.75 and 1.20 when the correction of ¢ with zero f, can achieve
zero density AD. If this does not occur, ¢ is overwritten by the original value based on Equation 5-5,
and adjustment of fs is initiated. The initial value for fv is zero, and f» is increased by Afy per iteration
(e.g., Af, = 0.0001).

The example values given for Afy, Ac, and Afy in previous paragraphs are sufficient to match the
Psat and densities. To reduce the number of iterations, however, these values can be made proportional

to the AD during regression.
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A step-wise description of the algorithm is as follows:
Step 1. Composition characterization
On the basis of the compositional data available, the plus fraction is split into n
pseudocomponents using the chi-squared distribution function. Details can be found in
Quifiones-Cisneros et al. (2004). The i subscript is the index for pseudocomponents; i =1, 2,
ey N
Step 2. Calculation of ¢, Pr, Zsat, and yn1
Equations 5-5, 5-6, and 5-7 require c, Pr, Zsat, and wn1 to be calculated. The definitions of
these variables were given in subsection 5.3.1.
Step 3. Adjustment of the covolume and y parameters for the pseudocomponents
The iteration index is j for fy and k for fo. j=k = 1.
(1) fo=fy=0.0
(2
(3
(
(

) Calculate the covolume parameters (bik) by use of Equation 5-3.
)
4) Calculate the attraction parameters (aijk) as aijx = Wik (bik)2.
)

Calculate the y parameters (yijk) by use of Equations 5-6 and 5-7.
5) Calculate the saturation pressure (PsatcaL) at Tres. Calculate € = |PsatcaL — Psat|/ Psar. If
€ < g1oL, go to Step 3(6) with j = 1. Otherwise, fy is adjusted. fy = fy + Afy if PsatcaL — Psat
< 0. Otherwise, fy = fy — Afy. j=j+ 1 and go to Step 3(3). €roL is 0.0001 in this research.
(6) Calculate densities at Tres and the experimental pressures. Calculate the AAD (8) of the
densities calculated. If & < dtoL, stop. Otherwise, adjust either c or f, as described earlier
in this subsection; go to Step 3(1) with ¢ = ¢ + Ac, or Step 3(2) with f, = f, + Afy, fy = 0, and
k=k+ 1. dtoLis 0.1% in this research.

The algorithm does not require Tc, Pc, and w for the pseudocomponents in the fluid model of
interest, in contrast to the indirect PnA algorithm (Kumar and Okuno 2013). The new algorithm took
approximately 3 seconds to conduct characterization of a fluid, while the previous algorithm for the
indirect PnA method took a few minutes. Both algorithms were written in FORTRAN and based on
exhaustive search methods, instead of gradient-based methods. The computations were performed on
the Intel Core i7-960 processor at 3.20 GHz and 8.0 GB RAM. Appendix 5-B describes the approach
to derive Tc, Pc, and w from the attraction and covolume parameters for pseudocomponents. This is
useful when one uses commercial software that requires these parameters as input information.
5.3.3. Variation of Phase Behavior during Regression
The direct PnA algorithm systematically controls the attraction and covolume parameters for the
pseudocomponents through fy and f», or fy and ¢. This subsection shows how two-phase behavior in
P-T space for a given fluid varies with the adjustment parameters during the regression process. Figure
5-3 shows an example for a fluid of 42°API. Curve 1 represents the phase envelope at the initialization
of the algorithm, where fy and fo are zero. Curve 2 is the phase envelope when Psar is matched by

adjusting fy (i.e., densities have not been matched yet). Curve 3 shows the final phase envelope when
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Psat and densities are matched, as indicated by the value of 6. Curves 1, 2, and 3 are also compared
with the solid curve that represents the phase envelope when the pseudocomponents are assumed to
be n-alkanes with Tc, Pc, and w from Kumar and Okuno (2012). As the regression proceeds, the critical
point becomes higher, and the phase envelope accordingly becomes greater in P-T space.

Figure 5-4 shows a similar example for a light fluid, where densities are matched by adjusting ¢ with
fo = 0.0. Unlike in the previous example, the variation of the critical point is irregular as the regression
proceeds from curve 1 to 3. This may be because this particular fluid behaves as an n-alkane mixture
in terms of volumetric phase behavior, and the effect of aromaticity on two-phase behavior is not as
obvious as the previous example fluid. Nevertheless, curve 3 entirely contains the n-alkane envelope,

as in the previous example. This is the common observation made in all fluids examined so far.

5.4. Case Studies

In this section, the direct PnA method is applied to 84 different reservoir fluids, for which experimental
data are available in the literature. They are 47 gas condensates, 33 conventional oils, and 4 heavy
oils. As mentioned previously, the direct PnA algorithm is to match the Psar at Tres and liquid densities
at Tres and different pressures using fy and f», or fy and c. Matching of densities tends to be conducted
by c for light fluids, and by f» for heavier fluids. fy mainly controls compositional phase behavior, which
consequently affects volumetric phase behavior. Available data other than those used in the regression
process are used to test the predictive capability of the resulting fluid models. For example, CVD liquid
saturation data are available for 34 gas condensates and 7 conventional oils. The other 18 conventional
oils have MMP data, one of which is a corrosive volatile oil containing 19% CO2. For the heavy oils
used, swelling test and phase envelope data are available.

For characterization of light fluids with fy and c, density data for the liquid phase that is equilibrium
with the gaseous phase have been found to be more important than single-phase density data. This is
plausible because the equilibrium liquid phase is richer in heavy components and more aromatic than
the equilibrium gaseous phase and liquid phases in a single-phase region. Capturing the deviation from
n-alkanes in the PnA method is more effective with density data of the denser phase. Therefore,
simulated liquid density data have been created in two-phase regions for the gas condensates and a
few volatile oils on the basis of the fluid models with optimized g and C (see Section 5.3.1). These
optimized models accurately reproduce measured single-phase density data with an AAD of less than
1%; that is, the consistency has been retained between the measured and simulated density data for
each of these light fluids.

The number of components is 12 throughout this research, four of which are pseudocomponents
for C7+. The others are N2, CO2, C1, Cz, Cs, C4, Cs, and Cs, where grouping of n- and i-alkanes is based
on the conventional mass-based mixing rule (Pedersen and Christensen 2007). Unless otherwise
stated, the BIPs are kept constant as described in Kumar and Okuno (2014); 0.0 for N2-COz2, 0.1 for N2-
Ci, where 1 < i < 6, 0.13 for N2-pseudocomponents, 0.1 for CO2-hydrocarbons, and 0.0 for all
hydrocarbon-hydrocarbon pairs.
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The converged values for fy and fo are listed for all tested fluids in separate tables as will be
discussed later. fo is representative of the aromaticity level; it is zero for n-alkanes and increases with
increasing aromaticity level. Figure 5-5 presents the overall trend that the converged f, tends to
increase with increasing specific gravity of the fluid characterized. However, such a clear trend is not
observed for fy. This is because it controls g and C through Equations 5-6 and 5-7, which are dependent
on temperature, aromaticity, and the MW range.

5.4.1. MMP Calculation

The direct PnA method has been applied to characterize the 18 oils given in Table 5-1. MMP data are
available for these oils in the literature. For fluids 14, 16, and 17 in Table 5-1, MMPs with multiple
injection gases were measured. This subsection compares MMPs calculated by the fluid models from
the direct PnA method with the corresponding MMP data. This serves as a severe test of the predictive
capability of the direct PnA method since an MMP is affected by phase behavior in a wide region of
composition space between the oil and injection gas compositions (Egwuenu and Johns 2008). The
PnA method uses the Psat and liquid densities at Tres only at the composition of the fluid characterized.
Thus, MMPs calculated in this subsection are predictions from the fluid models developed based on the
limited data at a point in composition space.

The gravities of the 18 oils range from 31°API to 61°API. Table 5-1 shows the converged values
for fy and fb. The slope of the y parameters with respect to MW is g = fy + f, as given in Equation 5-7.
Table 5-1 presents positive slopes except for Fluid 9. The negative slope of Fluid 9 is expected since
only one of the pseudocomponents is in the CN range less than 20 (see Figure 5-S15, and Kumar and
Okuno 2013).

MMP calculations were performed by use of the PVTsim version 19.2 (PVTsim 2010) and PennPVT
(Ahmadi and Johns 2011) software. The calculations with PVTsim based on the method of
characteristics were unsuccessful for Fluids 10, 11, 16, and 18. The mixing-cell method within PennPVT
was used for these fluids and Fluid 17. AADs of the calculated MMPs are listed in Table 5-1. Table 5-
2 presents ADs for all injection gases for Fluid 17. For the cases given in Tables 5-1 and 5-2, the
calculations resulted in an overall AAD of 6.4%, which is reasonable considering uncertainties such as
the effect of dispersion on the experimentally determined MMPs. Adjustment of BIPs can improve the
calculated MMPs especially when non-hydrocarbon components are present at high concentrations.
This will be discussed in Section 5.5.

5.4.2. Gas Condensates

Table 5-3 presents the 47 gas condensates tested, for which MWs range from 19.75 g/mol to 54.92
g/mol. Gas condensates 6, 7, 8, 11, 12, 36, and 38 are near critical at their reservoir conditions. The
regression was conducted by fy and ¢ with zero f, for all the gas condensates. The values listed as Ac
are the adjustments in ¢ required to match density data. The pseudocomponents of these gas

condensates are in a relatively low CN range between 7 and 30. Therefore, positive slopes of y with
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respect to MW are observed for 42 gas condensates in Table 5-3. Note that g = fy + fo = fy since fo is
zero for these fluids.

Data types available for the gas condensates are indicated as 1 for CVD liquid saturations, 2 for
CCE liquid saturations, and 3 for CCE relative volumes. The maximum value in these experimental data
is listed for each of the gas condensates. For example, Figure 5-6 shows CVD liquid saturations
measured for gas condensate 12 at 387.59 K. It is zero at the dew point of 333.0 bars. The maximum
value, 40.90, at 283.7 bars is the value listed for this gas condensate in the second right-most column
of Table 5-3. Figure 5-6 shows that the predictions from the resulting fluid model are in good agreement
with the data. The AAD is calculated to be 0.94 for this case, which is listed in the right-most column of
Table 5-3. Figure 5-6 also presents the CVD liquid volume predictions with the conventional
characterization method based on Pedersen and Christensen (2007), in which volume shift is used to
correct density predictions. This conventional method with volume shifting is referred to as CMwV, which
were described in detail in Kumar and Okuno (2014). The AAD for CMwV with 12 components is 1.9%
for Figure 5-6.

Figure 5-7 depicts the CCE liquid saturations measured for gas condensate 3 at 382.59 K. The
data indicate that the CCE liquid volume first increases gradually, and then decreases with decreasing
pressure. The predictions from the EOS fluid model are reasonably accurate, although the deviation at
289.57 bars is relatively large. The AAD is 1.71% with the direct PnA method and 3.7% with CMwV.

Accurate predictions of volume ratios in CVD and CCE require accurate predictions of both
compositional and volumetric phase behavior. The AADs summarized in Table 5-3 indicate that the

fluid models developed by the direct PnA method are reasonable in predicting gas condensates.
5.4.3. Volatile Oils

The direct PnA method has been used to characterize the 15 volatile oils given in Table 5-4. Oils 10,
12, and 14 are near critical at their reservoir conditions. As mentioned previously in this section,
simulated density data for the equilibrium liquid phase were used in the regression for oils 1, 5, 10, 11,
13, 14, and 15. The regression resulted in positive slopes of y with respect to MW for all cases except
for oil 12 as indicated in Table 5-4.

Three types of data available for these oils are given in the second right-most column as 1 for CVD
liquid saturations, 2 for CCE liquid saturation, and 3 for CCE relative volumes. This column also shows
the measured value at the lowest measured pressure for each fluid. The fluid models developed based
on the direct PnA method are able to accurately predict the measured phase behavior. The right-most
column of Table 5-4 indicates the AAD for each fluid. The predicted CCE relative volumes are nearly
perfect. The AADs for CVD liquid saturations are relatively large. However, their overall AD is only
1.4%. As a sample result, Figure 5-8 gives the comparison between the measured and predicted CVD
liquid saturations for near-critical volatile oil 14 at 424.25 K. The value, 42.20, at the lowest measured
pressure is listed in the second right-most column for this oil in Table 5-4. The critical point was
measured at 426 K and 388 bars, but it is calculated to be 433.00 K and 389.95 bars by the fluid model
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based on the PnA method. Although the calculated Tc is 7 K higher than the measured Tc, the CVD
liquid saturations are accurately predicted. Figure 5-8 also shows the predictions from CMwV. The
critical point calculated with CMwV is 437.43 K and 393.18 bars. The two methods are reasonably

accurate for this case.
5.4.4. Heavy Oils

Four different heavy oils have been characterized by use of the direct PnA method. As shown in Table
5-5, their API gravities are 19°, 28°, 11°, and 11° for heavy oils 1 to 4, respectively. Heavy oil 2 was
classified as a heavy oil on the basis of the definition of Pedersen and Christensen (2007). The heaviest
oil considered in this paper is heavy oil 4 with a MW of 482, and the p value in Equation 5-S11 is as high
as 9.0 for this oil. Table 5-5 shows that the slope of y with respect to MW is negative for this heavy oil.

For heavy oil 1, swelling test data are available for two mixtures at 299.81 K; 60% CO2 and 40% oil,
and 80% CO:2 and 20% oil. Figure 5-9 presents predictions of the oleic phase saturation in comparison
with the corresponding data for the latter mixture. The AAD for this mixture is 5.2% with the direct PnA
method and 6.15% with CMwV. For pressures higher than 100 bars, the AAD is 2.71% with the direct
PnA method and 6.71% with CMwV. For the former mixture, the AAD with the direct PnA method is
2.2%. CMwV erroneously predicts a single liquid phase at the highest and second highest pressures.
For the lower pressures, the AAD with CMwV is 5.89%.

For heavy oil 2, saturation pressures measured in swelling tests with CO2 and a light gas mixture
are considered. Figure 5-10 compares the predictions with the data presented in Kredjbjerg and
Pedersen (2006). The AAD is 3.9% for the CO2 case and 2.8% for the gas mixture case with the direct
PnA method. With CMwV, it is 5.7% for the two injection gases. For heavy oil 3, gas-oil-ratio (GOR)
data are available at the reservoir temperature 305.45 K. Figure 5-11 shows that the fluid model based
on the direct PnA method can accurately predict the GOR for this case. The deviation is relatively high
only near the saturation pressure. The AAD is calculated to be 2.9%. The predictions with CMwV are
close to those from the direct PnA method in this case.

For heavy oil 4, the regression in the direct PnA method used the Psat of 56.64 bars at 347.67 K for
the live oil reported (Feed #5 in Li et al. 2013a). Density data for this live oil were unavailable, and,
therefore, generated on the basis of the EOS model given by Li et al. (2013a). Figure 5-12 presents
saturation pressures measured at different temperatures for two mixtures (Feeds #4 and #5 in Li et al.
2013a). Feed #4 is 38.6% CO2, 36.2% Cs, and 25.2% heavy oil 4 on the molar basis. Feed #5is 31.7%
CO2, 34.3% n-Cs4, and 34.0% heavy oil 4. The fluid model developed by the direct PnA method is
reasonably accurate in predicting the saturation pressures in spite of the uncertainties due to the
simulated density data that were not validated against any data. The AAD of the saturation pressure
predictions is 13.7% for Feed #4 and 6.0% for Feed #5. If the BIPs for CO2 with the pseudocomponents
are altered from 0.10 to 0.15, the AAD is reduced to 7.6% for Feed #4 and to 0.4% for Feed #5.

Li et al. (2013b) presented P-T conditions for three-phase behavior for the mixture of 83.2% COq,
11.8% n-C4, and 5.0% heavy oil 4 on the molar basis (Feed #15 in Li et al. 2013b). Figure 5-13
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compares the predicted phase boundaries with the data points given in Li et al. (2013b). Although the
lower pressure boundary is overestimated, the higher pressure boundary is predicted quite accurately

with no further adjustment of the fluid model from the direct PnA algorithm.

5.5. Discussion

The direct PnA method is simpler than the previous PnA method (Kumar and Okuno 2013), but exhibits
equivalent or improved predictive capability. For example, the previous PnA method resulted in an AAD
of 6.7% in MMP calculation for 8 fluids tested in Kumar and Okuno (2013), which is higher than the AAD
of 6.4% obtained for MMPs of the cases given in Tables 5-1 and 5-2 (see Section 5.4.1). The AAD for
CVD liquid saturation for 34 gas condensates (data type 1 in Table 5-3) was 1.06% using the direct PnA
method, but it was 1.8% for 27 gas condensates tested in Kumar and Okuno (2013). The AAD for CVD
liquid saturation for volatile oils calculated with the direct PnA method was 2.7% (data type 1 in Table
5-4), but it was 3.7% for 4 fluids tested in Kumar and Okuno (2013). The oleic phase saturations
calculated for the swelling test for the West Sak heavy oil showed the AAD of 3.6% with the direct PnA
method (see Table 5-5) and 4.1% with the previous PnA method (Kumar and Okuno 2013). In the
preceding section, the improved predictions with the direct PnA method were also shown in comparison
with CMwV (Figures 5-6 to 5-11).

In this section, a few fundamental aspects of the direct PnA method are discussed. Section 5.5.1
discusses systematic control of phase behavior predictions through Equation 5-7. Section 5.5.2
presents the advantage of the optimized critical parameters (Equations 5-S8, 5-S9, and 5-S10) over
estimated physical critical parameters for n-alkanes in reservoir fluid characterization. Section 5.5.3
discusses adjustment of BIPs with the direct PnA method.

5.5.1. Systematic Control of Phase Behavior Predictions

The unique feature of the direct PnA method is that it systematically controls phase behavior predictions
through three key parameters. As discussed in section 5.3, fy is able to monotonically change volumetric
phase behavior predictions from the PR EOS through Equation 5-3. The y parameter as a linear
function of MW is adjusted by g and C in Equation 5-7, which controls compositional phase behavior
predictions. These three key parameters, fv, g, and C, are not component-specific, and applied to all
pseudocomponents for the fluid of interest. This is the fundamental reason for the systematic control of
phase behavior predictions in the direct PnA method.

In the algorithm presented in the current paper, a mechanism was developed for adjustment of g
and C through fy for a given fb, or for a given c in characterization of light fluids for which f, is zero.
However, it is also possible to control compositional phase behavior predictions by adjusting C, which
uniquely gives a corresponding value for g through the constraint € < eroL; matching of Psat for the fluid
of interest. This is useful to match other phase behavior data, such as CVD liquid saturations and
MMPs.
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Figure 5-14 presents CVD liquid saturations predicted with different values for C for gas condensate
6 in Table 5-3. Note that C is equal to c for this fluid because f, is zero. A monotonic variation of the
CVD liquid saturation curve with the C parameter is evident in the figure. An optimum value for C, which
is 0.91 in this case, is easy to find because of the monotonic, systematic change of the CVD liquid
saturation curve.

Figure 5-15 shows MMPs calculated with different C values for oil 1 in Table 5-1. The calculated
MMP decreases monotonically with decreasing C. It is not difficult to find the value for C with which the

measured MMP is matched.
5.5.2. Phase Behavior Predictions in Composition Space with Optimized Critical

Parameters

In the PnA methods of Kumar and Okuno (2013) and in this research, the initializations of the attraction
and covolume parameters are based on the Tc, Pc, and m parameters optimized for n-alkanes by use
of the PR EOS (Equations 5-S8, 5-S9, and 5-S10). The differences from physical critical parameters
estimated by Constantinou and Gani (1994) were discussed in the Supporting Information (Section 5-
S1). In general, the optimized critical parameters tend to be higher than estimated physical values for
n-alkanes; e.g., the sets of critical parameters from Constantinou and Gani (1994) and Gao et al. (2001).
The higher critical parameters result in extended two-phase lines in P-T space for pure components. To
show the effect of the higher critical parameters on phase behavior predictions in composition space,
Kumar and Okuno (2012) compared bubble- and dew-point predictions for n-alkane binaries by using
two sets of critical parameters; i.e., the optimized parameters from Kumar and Okuno (2012) and the
estimated physical parameters from Gao et al. (2001). BIPs were set to zero for systematic
comparisons. Predictions of bubble- and dew-points for nine n-alkane binaries were closer to
experimentally measured data points when the optimized parameters were used. It was also shown
that critical points of three n-alkane binaries (n-Cs with n-C+s, Nn-C24, and n-Css) were more accurately
predicted by use of the optimized parameter set.

This subsection gives further comparisons of phase behavior predictions for more than two
components by using the optimized parameters of Kumar and Okuno (2012) and the physical parameter
estimated by Constantinou and Gani (1994). For both cases, BIPs for hydrocarbon pairs are set to zero
for systematic comparisons. Figure 5-16 presents the two-phase envelopes predicted with the two sets
of critical parameters for an n-alkane mixture consisting of 44.0% C+, 45.8% n-C10, 6.8% n-C1s, and
3.4% n-Cso. The bubble-point data were taken from Daridon et al. (1996). The two-phase envelope is
predicted to be greater in P-T space when the optimized parameters are used. This is in line with the
comparisons made for n-alkane binaries in Kumar and Okuno (2012). The PR EOS with the optimized
critical parameters gives more accurate predictions in composition space than with the estimated
physical critical parameters.

Figure 5-17 shows saturation pressure predictions in a swelling test for a 25-component oil with a

gas at 373.15 K presented in Danesh et al. (1991). The oil consists of 90.68% n-alkanes from C+ through
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n-C20, 0.72% toluene, 1.79% xylene, 2.20% cyclo-hexane, 2.25% methyl-cyclo-pentane, and 2.36%
methyl-cyclo-hexane. The injection gas consists of 69.82% C+, 13.09% C2, 11.10% Cs, and 5.99% n-
Cs. The AAD of the saturation pressure predictions is 11% when the physical parameter set is used,
whereas it is 4% with the optimized parameter set.

Figure 5-18 depicts the two-phase envelopes predicted in composition space for a ternary system
of CO2, Cs, and n-Czo at 338.65 K and 69.92 bars. Experimental data were taken from Al-Marri (2006).
As recommended by Peng and Robinson (1978), 0.10 is used for the BIPs of CO2 with the n-alkanes.
The optimized parameter set results in more accurate predictions of two-phase equilibrium for the n-
alkane mixtures containing CO2. When the CO2 BIPs are set to 0.0, the two-phase region is predicted
to be smaller in composition space.

The results presented in this subsection show that the PR EOS gives reasonably accurate
predictions for n-alkane mixtures even with zero BIPs when the optimized set of critical parameters is
used. When non-zero BIPs are required for CO2-n-alkane mixtures, required deviations from zero are
smaller with the optimized critical parameters than with estimated physical critical parameters. However,
these results are limited by the availability of experimental data. Note that the optimized critical
parameters were developed for use in reservoir fluid characterization, as described in this paper and
Kumar and Okuno (2012, 2013). If they were used for pure n-alkanes with the PR EQOS, the altered
critical points would give extended vapor-pressure curves for heavy n-alkanes, as shown in Figure 5-
S1.

5.5.3. Adjustment of BIPs

The extensive testing of the PnA methods of Kumar and Okuno (2013) and in this research has indicated
that the PR EOS gives satisfactory predictions of reservoir fluid phase behavior with zero BIPs for all
hydrocarbon pairs. Recommended values have been used for non-hydrocarbon components, such as
N2 and COz2, as constants (Peng and Robinson 1978). However, these default BIPs may be adjusted
especially for non-hydrocarbon components with pseudocomponents.

Figure 5-19 shows saturation pressures measured in the swelling test of Fluid 18 (Table 5-1) with
CO2 at 394 K (Negahban et al. 2010). The experimental MMP for this oil with COz is 178 + 2 bars at
394 K. The fluid model developed based on the direct PnA method gives an MMP of 188 bars with the
default BIPs of CO2 with pseudocomponents as 0.10. Although it correctly predicts the transition from
bubble- to dew-point at CO2 concentration of 0.69, this fluid model gives progressively higher saturation
pressures than the experimental values with increasing CO2 concentration. When the BIPs of CO:2 with
pseudocomponents are reduced from 0.10 to 0.05, the model is much improved in saturation pressure
predictions as shown in Figure 5-19. The MMP predicted is 174 bars, which is still close to the

experimental result.
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5.6. Conclusions

A new method was developed for reservoir fluid characterization that directly perturbs the attraction and

covolume parameters of pseudocomponents from n-alkanes’ values (direct perturbation from n-alkanes,

or direct PnA). The direct PnA method was successfully applied to 84 different reservoir fluids, such as

gas condensates, volatile oils, black oils, and heavy oils. The regression algorithm used only the Psar

at Tres and liquid densities at Tres at different pressures for each fluid. Other available data, such as

MMPs, liquid saturations in CVD and CCE, and gas solubilities, were used to test the predictive
capability of the fluid models developed by the direct PnA method. The PR EOS with the vdW mixing

rules was used throughout this research. Conclusions are as follows:

o

The reservoir fluids tested were reliably characterized by systematic adjustment of the attraction
and covolume parameters of pseudocomponents. The covolume parameters were perturbed from
n-alkane values by fv in Equation 5-3. The f, parameter monotonically changes volumetric phase
behavior predictions. As in our previous research, the gy (= a/b?) parameter was used to ensure
proper interrelationship between the attraction (a) and covolume (b) parameters. A new approach
to adjustment of the y parameters was developed with a linear gy function of MW. The g and C
parameters in Equation 5-7 control compositional phase behavior predictions in a regular manner
in the regression algorithm presented.

The three key parameters, fo, g, and C, are not component-specific, and applied to all
pseudocomponents for the fluid of interest. This enables to control phase behavior predictions in a
systematic, monotonic manner in the direct PnA method. The direct PnA method does not require
estimation or extrapolation for apparent critical parameters of heavy fractions, which are mixtures
of non-identifiable compounds.

The direct PnA method substantially simplifies the characterization of reservoir fluids by use of the
PR EOS. The simplification was possible because of the inherent accuracy and simplicity of the PR
EOS and the adjustment parameters found in this research. The regression process of the PnA
method requires only a few seconds per fluid using a personal computer.

One of the important data types required for the direct PnA method is liquid densities that capture
the level of aromaticity in the fluid system of interest. Results indicated that densities of equilibrium
liquid phases in a multiphase region are more effective than densities in a single-phase region for
capturing the level of aromaticity in the PnA method.

No change is required for the functional form of the EOS and mixing rules. The method can be

readily implemented in existing software based on the PR EOS with the vdW mixing rules.
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5.7. Nomenclature

Roman Symbols

a = Attraction parameter defined in Equation 5-S2

ac = Attraction parameter at a critical temperature defined in Equation 5-S3
a = Temperature dependent parameter defined in Equation 5-S4.

A = Aromatics

b = Covolume parameter defined in Equation 5-S5

c = Parameter defined in Equation 5-5

c' = Parameter defined in Equation 5-6

C =c+c

fy = Perturbation factor for the y parameters

fo = Perturbation factor for the covolume parameters

fm = Perturbation factor for the m parameters in Equation 5-S10

fp = Perturbation factor for Pc in Equation 5-S9

fr = Perturbation factor for Tc in Equation 5-S8

Mbi = Parameter defined with Equation 5-3

g = Slope of the y parameter in MW space

m = Parameter defined in Equations 5-S6 and 5-S7

M = Molecular weight of the lightest pseudocomponent divided by 100.20
n = Number of pseudocomponents

N = Napthenes

ei = Obijective function for the it pseudocomponent defined in Equation 5-B4
p = Pressure, bar

P = Paraffins

Pc = Critical pressure, bar

Pr = Ratio of the saturation pressure calculated as n-alkanes to Psar

Psat = Experimental saturation pressure at reservoir temperature

PsatcaL = Calculated saturation pressure

Pvap = Vapor pressure

R = Universal gas constant

S = Parameter in the chi-squared distribution function given in Equation 5-S11
T = Temperature, K

Tb = Boiling point temperature, K

Tc = Critical temperature, K

T: =T in Kelvin divided by 277.0

Tres = Reservoir temperature

v = Molar volume, gm/mol (Equation 5-S1)
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Ve = Critical volume, gm/mol
Ya = Aromaticity as defined by Yarborough (1979)

Zsat = Liquid compressibility factor at the saturation pressure at Tres

Greek symbols

€ = Absolute average deviation for saturation pressure calculations

o) = Deviation for density calculations

Y = Standard specific gravity

r = Gamma function

p3 = Saturated liquid density

psat = Density at saturation pressure

Qa = Constant term (= 0.45723552892138219) in the attraction parameter of the PR EOS
Qv = Constant term (= 0.0777960739038884574) in the covolume parameter of the PR EOS
0] = Parameter given by Equation 5-1

Y1 = Normal-alkane equivalent y for the lightest pseudocomponent

w = Acentric factor

Abbreviations

°APl = API (American Petroleum Institute) gravity (= 141.5/y -131.5)

AAD = Average absolute deviation

AD = Average deviation

BIP = Binary interaction parameter

CMwV = Conventional fluid characterization method with volume shifting (Pedersen and

Christensen 2007)

CN = Carbon number

CVD = Constant volume depletion

CCE = Constant composition expansion
CP = Critical point

EOS = Equation of state

GOR = Gas oil ratio

LL = Liquid-liquid

LLV = Liquid-liquid-vapor

LV = Liquid-vapor

MMP = Minimum miscibility pressure, bar
MW = Molecular weight, g/mol

MWavyg = Average molecular weight

PC = Pseudocomponent
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PnA = Perturbation from n-alkanes

PR = Peng-Robinson

P-T = Pressure —temperature

SCN = Single carbon number fraction

SRK = Soave-Redlich-Kwong

Tol. = Tolerance

vdW  =van der Waals

Subscripts

i = Index for pseudocomponents

j = Index for the iteration loop for matching the saturation pressure by adjusting fy
k = Index for the iteration loop for mating densities by adjusting fo
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Figure 5-1. Correlation of c'/Zsarfo with (fo + fy)/Pr using a linear function.
For each of the 20 data points, ¢’ is obtained by subtracting the c value calculated from Equation 5-5

from the optimized C multiplier. The 20 fluids considered are not light, and their fv values are positive.
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Figure 5-2. Average deviations of density predictions from experimental data during the regressions for

two different fluids.
Density matching is achieved by adjustment of the ¢ parameter for light fluids. For example fluid 1, the

¢ parameter is decreased from the value calculated using Equation 5-5. For example fluid 2, it is
increased from the value calculated using Equation 5-5, in order to obtain the density match.
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Figure 5-3. Variation of the phase envelope in P-T space during the PnA regression for a fluid of 42 °API.
Curve 1 represents the phase envelope at the initialization of the algorithm, where fy and f, are zero.

Curve 2 is the phase envelope when Psat is matched by adjusting fy (i.e., densities have not been
matched yet). Curve 3 shows the final phase envelope when Psar and densities are matched, as
indicated by the value of 6. Curves 1, 2, and 3 are also compared with the solid curve that represents
the phase envelope when the pseudocomponents are assumed to be n-alkanes with Tc, Pc, and w from
Kumar and Okuno (2012). As the regression proceeds, the critical point becomes higher, and the phase
envelope accordingly becomes greater in P-T space.
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Figure 5-4. Variation of the phase envelope in P-T space during the PnA regression for a light fluid.
Densities are matched by adjusting ¢ with fo = 0.0. Curve 1 represents the phase envelope at the
initialization of the algorithm, where fy is zero. Curve 2 is the phase envelope when Psat is matched by
adjusting fy (i.e., densities have not been matched yet). Curve 3 shows the final phase envelope when
Psat and densities are matched, as indicated by the value of 6. Curves 1, 2, and 3 are also compared
with the solid curve that represents the phase envelope when the pseudocomponents are assumed to
be n-alkanes with Tc, Pc, and w from Kumar and Okuno (2012). Curve 3 entirely contains the n-alkane
envelope, as in the previous example given in Figure 5-3.
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The regression parameter f, is representative of the aromaticity level; it is zero for n-alkanes and

increases with increasing aromaticity level.
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Figure 5-6. CVD liquid saturations measured for gas condensate 12 given in Table 5-3 (McVay 1994)
at 387.59 K.
The gas condensate has 11.72 mol% Cz+. The MW of the C7+ fraction is 169 g/mol, and the overall MW

is 40.58 g/mol.
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Figure 5-7. CCE liquid saturations measured for gas condensate 3 given in Table 5-3 (Al-Meshari 2004)

at 382.59 K.

The gas condensate has 1.81 mol% C7+. The MW of the C7+ fraction is 152.80 g/mol, and the overall

MW is 32.41 g/mol.
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volatile oil 14 in Table 5-4 at 424.25 K (Pedersen et al. 1988).

The critical point was measured at 426 K and 388 bars, but it is calculated to be 433.00 K and 389.95
bars by the fluid model based on the direct PnA method. Although the calculated Tc is 7 K higher than

the measured Tc, the CVD liquid saturations are accurately predicted.
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Figure 5-9. Oleic phase saturation data and predictions for heavy oil 1 (Sharma 1990) given in Table 5-
5 at 299.81 K.
This is a mixture of 20% oil and 80% CO:2. The AAD for these oleic phase saturation calculations is 5.2%

with the direct PnA method.

500

—Direct PnA

..... CMWV
450 | © Data (CO;lnjection Gas )
+ Data (Injection Gas Mixture)

400

350

300

Saturation Pressure, bars

250

200 1 1 1 1
0 50 100 150 200 250
Mole % of gas added

Figure 5-10. Data and predictions for saturation pressures in the swelling tests of heavy oil 2 with two
injection gases; CO2 and a light gas mixture (Kredjbjerg and Pedersen 2006).
The AAD is 3.9% for the CO2 case and 2.8% for the gas mixture case with the direct PnA method.
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Figure 5-11. Data and predictions for the gas-oil-ratios (GOR) for heavy oil 3 (Pedersen et al. 2004) at
the reservoir temperature of 305.45 K.
The AAD of the GOR predictions is 2.9% with the direct PnA method.
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Figure 5-12. Saturation pressures measured and predicted for two mixtures with the Lloydminster heavy
oil (heavy oil 4 in Table 5-5), Feeds #4 and #5 in Li et al. (2013a).
The AAD of the saturation pressure predictions is 13.7% for Feed #4 and 6.0% for Feed #5. If the BIPs

for CO2 with the pseudocomponents are altered from 0.10 to 0.15, the AAD is reduced to 7.6% for Feed
#4 and to 0.4% for Feed #5.
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Figure 5-13. The three-phase boundaries measured and predicted for a mixture of heavy oil 4 (Table
5-5) with CO2 and n-C4 (Feed #15 of Li et al. 2013b).
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Figure 5-14. CVD liquid saturations predicted with different values for C for gas condensate 6 in Table
5-3.

C is equal to c for this fluid because fv is zero. An optimum value for C, which is 0.91 in this case, is
easy to find because of the monotonic, systematic change of the CVD liquid saturation curve.
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Figure 5-15. MMPs calculated with different C values for oil 1 given in Table 5-1.
The calculated MMP decreases monotonically with decreasing C. It is not difficult to find the value for
C with which the measured MMP is matched.
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Figure 5-16. Two-phase envelopes predicted with the two sets of critical parameters for an n-alkane
mixture.

The mixture contains 44.0% C1, 45.8% n-C10, 6.8% n-C+s, and 3.4% n-Cso. The optimized critical
parameters of Kumar and Okuno (2012) and the estimated physical critical parameters of Constantinou
and Gani (1994) are used with the PR EOS. The BIPs are zero for both cases. The bubble-point data
were taken from Daridon et al. (1996). Use of the optimized critical parameters results in a more
accurate P-T envelope.
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Figure 5-17. Saturation pressures measured and predicted for a 25-component oil with a gas at 373.15
K presented in Danesh et al. (1991).
The AAD of the saturation pressure predictions is 11% when the physical parameter set (Constantinou

and Gani 1994) is used, whereas it is 4% with the optimized parameter set (Kumar and Okuno 2012).
The BIPs are zero for both sets of predictions.
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Figure 5-18. Comparison of two-phase envelopes for ternary mixture predicted with two PR EOS with
two different set of critical parameters.
Two-phase envelopes predicted for a ternary system of CO2, Cs, and n-Czo at 338.65 K and 69.92 bars

using the PR EOS with the critical parameters from Kumar and Okuno (2012a) and Constantinou and
Gani (1994). The BIPs considered for CO2 with the other two components are 0.0 and 0.1. Peng and
Robinson (1978) recommended 0.1 for these BIPs. The optimized parameter set results in more
accurate predictions of two-phase equilibrium for the n-alkane mixtures containing CO2. The data were
taken from Al-Marri (2006).
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Figure 5-19. Saturation pressures measured in the swelling test of Fluid 18 (Table 5-1) with CO2 at 394
K (Negahban et al. 2010).
The experimental MMP for this oil with COz is 178 £ 2 bars at 394 K. The fluid model developed based

on the direct PnA method gives an MMP of 188 bars with the default BIPs of CO2 with pseudo
components as 0.10. Although it correctly predicts the transition from bubble- to dew-point at CO:
concentration of 0.69, this fluid model gives progressively higher saturation pressures than the
experimental values with increasing CO:2 concentration. When the BIPs of CO: with pseudocomponents
are reduced from 0.10 to 0.05, the model is much improved in saturation pressure predictions. The
MMP predicted is 174 bars, which is still close to the experimental result. The blank and filled markers
represent bubble- and dew-points, respectively.
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Table 5-1. Converged fy, fb, and p values for reservoir oils characterized using the
direct PnA method. Slim-tube MMPs are reported for these oils in the literature.
oil MW Tees % AD
No References (gm/  °API (K) k fy fo p MMP
) mol) Prediction
1 Jaubert et al. (2002), F1 135.2 35.22* 37485 5 0.4223 0.1411 45 5.60
2 Jaubert et al. (2002), F2 136.2 39.89 372.05 6 1.0947 0.1051 4.7 14.28
3 Jaubert et al. (2002), F3 82.41 39.31* 387.35 11 0.8280 0.0690 6.3 1.27
4 Jaubert et al. (2002), F4 63.17 40.34* 388.20 7 0.1683 0.074* 3.0 0.09
5 Jaubert et al. (2002), F5 125.8 32.04* 394.25 12 0.8105 0.1171 4.5 0.55
6 Jaubert et al. (2002), F6 96.25 37.73* 383.15 5 0.6294 0.1151 4.2 5.76
7 Jaubert et al. (2002), F7 96.19 41.06* 393.15 12 1.6151 0.0520 4.9 1.29
8 Jaubert et al. (2002), F11 82.55 38.71* 373.75 11 0.6737 0.0921 3.8 8.96
9 Jaubert et al. (2002), F13 150.2 35.64* 377.55 8 -0.2542 0.0701 4.4 2.65
10  Al-Ajmi et al. (2011), F1 161.4 31.85 35040 16 0.6427 0.1341 4.6 12.45
11 Al-Ajmi et al. (2011), F2 109.3 40.03 353.70 17 0.7924 0.1061 3.9 14.56
12 Ekundayo (2012) 86.57 51.60 40259 7 1.1011 0.0671 4.6 3.03
13 Wijaya (2006) 113.9 44.00 30259 17 1.3260 0.0701 4.5 9.94
14 Hgier (1997), System 1¥ 97.0 3940 368.15 6 0.6933 0.1121 4.4 8.01
Heier (1997), System 2¥ 97.0 3940 368.15 6 44 4.54
Heier (1997), System 3¥ 97.0 3940 368.15 6 44 4.81
Heier (1997), System 4¥ 97.0 3940 368.15 6 44 5.37
15  Lindeloff et al. (2013),0il A 148.2 30.00* 329.26 10 1.0253 0.1301 4.6 12.25
16  Graue and Zana (1981)* 177.0 4210 34426 1 4.8227 0.0971 7.7 5.15
Graue and Zana (1981)* 177.0 4210 34426 1 7.7 9.16
17  Clark et al. (2008) 53.87 47.00 413.70 12 0.7289 0.1591 3.0 6. 80*
18  Negahban et al. 2010 101.9 40.00 394.00 16 1.1901 0.0491 4.8 5.62
x Ac value (fy is zero).
# As reported. All other API gravities are calculated from the density at 288.15 K and 1.01325 bars.
¥ QOil composition and saturation data used were taken from Whitson and Belery (1994). Systems 1-4
indicate four different injection gases.
# %ADs of 5.15 and 9.16 are for injection gases 1 and 2 respectively.
* AAD for 26 different injection gases is 6.8 %. Deviations for these injection gases are shown in Table
5-2.

Table 5-2. Deviations for MMP predictions for volatile oil 17 (Clark et al. 2008) based on the
direct PnA method of volatile oil.

Injection gas Dev. Injection gas Dev. Injection gas Dev. Injection gas Dev.
(Mole %)* % (Mole %)* % (Mole %)* % (Mole %)* %
CO, (100) 526 CO,(95)+C, (5) 485 CO,(95)+Cs (5) -7.83 CO,(95)+N. (5) 0.18

CO,(95)+Cy (5) 6.47 CO,(90)+C,(10) 4.53 CO,(90)+ Cs(10) -17.34 CO,(90) + N, (10)  -3.44
CO, (90) + C;(10) 6.47 CO,(85)+ C,(15) 5.35 CO,(85)+ Cs(15) -20.67 CO,(85)+N,(15)  0.48
CO, (85)+C1(15) 6.94 CO,(80)+ C,(20) 570 CO,(80)+Cs(20) -1.56 CO,(80)+ N,(20)  3.57
CO, (80) + C;(20) 6.87 CO,(75)+C,(25) 7.62 CO,(75)+Cs(25) 567 CO,(75)+N,(25)  7.59
CO, (75) + C1(25) 6.86 CO,(70)+C,(30) 9.55 CO,(70)+Cs(30) 6.30 CO,(70) +N,(30) 10.78
CO, (70) + C4(30) 5.00 N (100) 13.75

* Numbers inside bracket shows mole % of the component in injection gas.
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Table 5-3. Converged fy, Ac, and p values for gas condensates characterized using the direct
PnA method. CVD or CCE data are available for these oils. f, is zero for these gas condensates.

Maximum
Fluid MW R Tres Data Dev.*
No. References (gm/mol) API (K) fy Ac p Value
(Type*)

1 Al-Meshari (2004), Fluid-3 31.53 58.3 42482 09774 +0.012 2.0 11.70(1) 1.42
2 Al-Meshari (2004), Fluid-4 31.44 59.9 403.15 1.4443 -0.016 2.0 13.00(1) 1.17
3 Al-Meshari (2004), Fluid-5 32.41 604 38259 0.7700 +0.065 2.1 23.36 (2) 1.71
4 Al-Meshari (2004), Fluid-7 36.62 59.6 397.59 29688 -0.009 2.6 25.00(1) 1.51
5 Al-Meshari (2004), Fluid-8 40.77 62.9 42482 -0.0099 +0.043 2.2 30.40(1) 0.95
6+ Al-Meshari (2004), Fluid-10 39.23 64.7 42259 -0.2355 +0.043 3.3 33.60 (1) 0.42
7+ Al-Meshari (2004), Fluid-11 41.71 62.3 42482 0.6702 +0.018 3.0 32.20(1) 1.47
8+ Coats and Smart (1986), Gas-5 30.29 61.8 403.70 1.4817 -0.005 2.0 10.40(2) 0.12
9 Guo and Du (1989), Sample-7 25.53 712 406.45 21065 -0.033 2.0 5.82 (1) 0.09
10 Imo-Jack (2010) 25.76 54.0 38259 -4.8869 +0.265 2.2 9.25 (1) 0.85
11#  Coats (1985), Recombined 44.40 66.4 43593 2.0540 +0.020 4.0 32.00(2) 2.78
12¢  McVay (1994), Gas B 40.58 58.5 387.59 0.4190 +0.002 2.0 40.90 (1) 0.94
13 Danesh (1998) 27.29 55.3 394.00 1.4306 +0.037 2.0 11.32(1) 0.27
14 Pedersen and Christensen (2007) 29.14 58.5 428.15 0.0168 +0.120 2.0 11.89(2) 2.46
15 Hosein et al. (2013), PL-1 23.64 58.9 358.78 22649 -0.013 2.0 8.15(1) 0.48
16 Hosein et al. (2013), PL-2 22.10 52.8 378.15 53774 -0.012 2.0 5.08 (1) 0.48
17 Hosein et al. (2013), PL-3 21.55 64.9 357.59 3.6390 -0.097 2.0 4.00 (1) 0.18
18 Hosein et al. (2013), PL-4 20.62 57.3 364.22 44763 -0.006 2.0 3.73(1) 0.32
19 Hosein et al. (2013), PL-5 20.30 64.3 355.37 27869 -0.014 2.0 3.79 (1) 0.14
20 Hosein et al. (2013), PL-6 19.75 55.1 367.59 7.9725 -0.016 2.0 1.89 (1) 0.15
21 Moore (1989), CS-1 32.61 711 366.48 22538 -0.030 25 19.90 (1) 0.37
22 Moore (1989), CS-2 35.04 59.7 41093 1.0086 -0.032 2.0 21.60(1) 0.35
23 Moore (1989), CS-3 24.45 614 365.37 7.2733 -0.015 2.0 217 (1) 0.25
24 Whitson and Torp (1983), NS-1 35.04 44.0* 41043 0.9200 -0.023 2.0 21.60 (1) 0.48
25 Whitson and Brulé (2000), GOCW-7  33.62 60.5 358.70 4.8755 -0.008 2.5 23.90(1) 1.96
26 Drohm et al. (1988), Example-1 54.92 571 41090 1.8164 -0.050 29 69.81(1) 11.34
27 Drohm et al. (1988), Example-2 32.65 59.5 436.70 0.9472 -0.000 2.0 15.63(1) 0.95
28 Drohm et al. (1988), Example-3 26.26 584 393.20 5.1549 -0.022 2.0 475 (1) 0.50
29 Drohm et al. (1988), Example-4 28.34 59.0 377.60 3.1677 +0.018 2.1 11.84 (1) 0.49
30 Drohm et al. (1988), Example-5 21.27 56.4 377.60 -0.0195 +0.284 2.0 1.69 (1) 0.09
31 JAPEX 29.81 58.9 402.59 0.9672 +0.000 2.0 6.67 (3) 0.05
32 Pedersen et al. (1988) 26.98 61.82 392.10 4.8159 +0.020 2.1 5.72 (1) 0.62
33 Vogel and Yarborough (1980), Gas-1 36.03 49.6 381.00 0.3244 -0.003 2.2 25.85(2) 1.49
34 Vogel and Yarborough (1980), Gas-2 30.75 64.6 381.00 1.9861 -0.068 2.1 9.79 (2) 0.69
35 Vogel and Yarborough (1980), Gas-3 23.73 63.2 333.00 -4.0671 +0.280 2.1 3.40(2) 0.41
36+  Whitaker and Kim (1993) 39.34 59.7 366.48 0.2427 +0.061 2.2 47.40(2) 3.07
37 Kilgren (1966) 36.52 59.5 399.82 0.1825 -0.019 2.1 39.99 (2) 3.83
38+  Subero (2009) 40.03 50.5 377.04 1.3835 -0.024 2.1 38.90(1) 1.03
39 Fawumi (1999) 34.04 57.9 42259 0.0383 +0.026 2.1 17.16 (1) 1.23
40 Al-Subai (2001), Well-A 32.64 574 42093 0.5792 -0.007 26 14.34(1) 1.60
41 Al-Subai (2001), Well-B 42.44 542 42482 0.2787 -0.012 26 32.02(1) 1.30
42 Al-Subai (2001), Well-D 34.50 63.6 42482 0.0016 +0.025 2.1 1717 (1) 1.53
43 Al-Subai (2001), Well-E 23.03 61.4 41259 5.1525 +0.008 2.1 2.18 (1) 0.35
44 Jacoby et al. (1959) 32.76 63.7 40482 0.8206 -0.015 21 16.10(2) 1.62
45 Renner et al. (1989) 35.69 63.6 374.82 0.9377 +0.001 2.1 25.02 (2) 1.20
46%  Coats (1985), Bottom hole 44.40 67.9 43593 0.5331 +0.032 4.0 33.49(2) 1.72
47 Spivak (1941) 27.13 65.6 35259 0.9568 +0.045 2.1 12.68 (1) 0.98

* As reported. All other API gravities are calculated from the density at 288.15 K and 1.01325 bars.

(1) is CVD liquid saturations (%), (2) is CCE liquid saturations (%), and (3) is CCE relative volumes.
Deviation is the summation of |experimental value —predicted value| divided by the number of data point.
Near critical gas condensates.
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Table 5-4. Converged fy, fo, and p values for volatile oils characterized using the direct PnA
method. CVD or CCE data are available for these oils.
oil MW . Res. Data Limits Dev.¥
No. References (gm/  °API Temp. fy fy p Value

mol) (K) (Type®)
1 Al-Meshari (2004), Fluid-12 46.07 50.3 354.82 0.8544 +0.033* 2.3 38.20(1) 2.80
2 Al-Meshari (2004), Fluid-13 56.06 36.7 364.82 0.2188 0.1091 23 393(3) 0.02
3 Al-Meshari (2004), Fluid-14 54.57 40.7 360.93 0.3069 0.1081 24 1.00(3) 0.01
4 Al-Meshari (2004), Fluid-15 51.11 575 353.15 1.5275 0.0581 29 298(3) 0.01
5 Al-Meshari (2004), Fluid-16 59.63 55.6 425.93 0.0591 -0.006* 2.5 3530(1) 229
6 Al-Meshari (2004), Fluid-17 67.32 445 414.82 0.2061 0.0920 2.5 6.84(3) 0.04
7 Al-Meshari (2004), Fluid-18 59.90 54.4 423.15 0.2876 0.0591 3.2 7.57(3) 0.04
8 Al-Meshari (2004), Fluid-19 62.65 59.5 377.59 1.2666 0.0540 4.3 4.08(3) 0.00
9 Oil* 86.68 56.6 376.75 1.7416 0.0360 4.0 2.46(3) 0.01
10* McVay (1994), Oil A 50.93 44.5 408.70 1.1997 +0.000* 2.5 33.30 (1) 4.38
11 McVay (1994), Oil B 57.50 56.7 393.70 1.0877 +0.000* 3.1 49.50(1) 2.60
12* Yang et al. (1997)% 37.94 575 371.60 -0.6776 +0.085* 2.0 6.06 (2) 2.12
13 Jacoby and Yarborough (1967)  54.32 63.7 346.48 1.1580 0.0540 2.8 24.29 (1) 1.60
14* Pedersen et al. (1988) 47.84 525 424.25 0.2597 -0.013* 2.3 42.20(1) 3.87
15 Reudelhuber and Hinds (1957)  42.55 49.1 374.82 0.6933 -0.024* 2.3 34.50 (1) 1.60
¥ Ac value (fy is zero).
* As reported. All other API gravities are calculated from density at 288.15 K and 1.01325 bars.
# (1) is CVD liquid saturation (%), (2) is CCE liquid saturation (%), and (3) is CCE relative volume.
¥ Deviation is the summation of |experimental value —predicted value| divided by the number of data point.
* Near critical volatile oil.
" Data source is not mentioned for confidentiality.

Table 5-5. Converged fy, fo, and p values for heavy oils characterized using the direct PnA
method. PVT data available for these oils include swelling tests, gas solubility, and phase
envelopes.

) MW
Oll  peferences (@m/ APl TRES g t, b "AP1ype of Data
No. moI) (K) /o

T Sharma (1990), West Sak Ol 228.88 18.66 29981 10 00568 0.1491 57 3.62 Sweling Test
2 Krejbjerg and Pedersen (2006),Fluid-1 125.72 28.00° 347.15 13 0.2762 02341 55 3.40 Swelling Test
3 Pedersen et al. (2004), Fluid-22 311.06 1087 30545 11 -0.0607 0.1592 5.5 3.13 GOR

4 Lietal (2013a), Lloydminster Oil  482.00 10.80 29415 1  -0.3409 0.1320 9.0 9.30 Swelling Test

* As reported. All other API gravities are calculated from density at 288.15 K and 1.01325 bars.
# k is number of density data
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Chapter 6: Systematic Characterization of Bitumen-Solvent Interactions in

Steam-Solvent Coinjection Simulation

A version of this has been submitted to Fuel for publication. The manuscript is under

review.
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6.1. Introduction

Steam-assisted gravity drainage (SAGD) is a widely-used method for in-situ bitumen recovery (Butler
1991, Lake et al. 2014). The most important mechanism in SAGD is the reduction of oleic-phase
viscosity owing to the heat that the injected steam releases when condensing into hot water near the
steam-chamber edge. The main drawback of SAGD is the substantial usage of steam, which may also
cause various environmental concerns.

Coinjection of solvent with steam, such as expanding-solvent-steam assisted gravity drainage (ES-
SAGD), has been proposed and pilot-tested to improve the efficiency of SAGD (Nasr et al. 2003, Gupta
and Gittins 2006). In ES-SAGD, a small amount of hydrocarbon solvent is coinjected with steam. It aims
to reduce oleic-phase viscosity by diluting bitumen with condensed solvent, in addition to the thermal
mechanism, along the chamber edge.

Unlike SAGD, ES-SAGD involves multiphase behavior of solvent/bitumen mixtures at a wide range
of temperature and its interaction with non-isothermal flow under heterogeneities. The efficiency of ES-
SAGD is substantially dependent on pressure, temperature, and composition near the chamber edge,
in which condensation of steam and solvent and the mixing of solvent with bitumen take place through
gravity drainage (Keshavarz et al. 2014).

Due to the complexity, design of ES-SAGD requires numerical simulation that accommodates the
compositional effect on non-isothermal reservoir flow. Numerical simulation studies have been
presented in the literature to understand various aspects of this complex process (Nasr and Ayodele
2006, Nasr et al. 2003, Jha et al. 2013, Keshavarz et al. 2015). However, the effect of fluid
characterization on ES-SAGD simulation has not been investigated in detail, although such simulations
are directly affected by how the fluid is characterized.

Fluid characterization for ES-SAGD is challenging because it requires a reliable method for modeling
phase properties that does not give physically absurd values at a wide range of composition and
temperature for the operating range of pressure. For example, the temperature range in ES-SAGD can
be from 300 K to 500 K. The oleic-phase composition can vary widely from nearly 100% solvent to
100% bitumen in the vicinity of the chamber edge.

Even with such a reliable method, however, it is still important to ensure that the simulation results
are not sensitive to the phase-behavior model used. This is because fluid characterization for ES-SAGD
is performed under inherent uncertainties in terms of experimental data. It would not be easy to measure
phase properties at the thermodynamic conditions that occur during ES-SAGD, even if such conditions
could be precisely predicted. Different fluid models created under such uncertainties may give a similar
level of correlative accuracy for the limited experimental data available; however, they do not necessarily
give similar results in numerical reservoir simulation, in which phase behavior should be predicted at a
variety of thermodynamic conditions. Currently, there is no method for assessing the sensitivity of

simulation results to the phase-behavior model without performing actual flow simulations.
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There are two main objectives in this research. The first is to show reliable characterization of
bitumen by using the method that was developed by the authors (Section 6.2). The second is to develop
a novel method for analytically assessing the sensitivity of ES-SAGD simulation to the phase behavior

model used (Section 6.3). The analytical method is validated in the simulation case study (Section 6.4).

6.2. Bitumen characterization based on Perturbation from n-Alkanes

This section presents characterization of six different bitumen samples using the Peng-Robinson
equation of state (PR EOS) (1976, 78) along with the van der Waals mixing rules on the basis of
perturbation from n-alkanes (PnA). The PnA method of reservoir fluid characterization was successfully
applied to a number of reservoir fluids (Kumar and Okuno 2015), but not yet to any bitumen. The main
difference between the PnA method and the conventional method of bitumen characterization lies in
how pseudo components’ properties are adjusted during the regression of an EOS model to phase-
behavior data. Before presenting the PnA method for bitumen characterization in Section 6.2.1, the
conventional method is briefly explained below.

Several researchers presented EOS models to represent bitumens and their gas solubilities (James
and Malhotra 1988, Malhotra and Svrcek 1988, Malhotra et al. 1989, Kariznovi et al. 2010). The three
main steps of bitumen characterization in their papers are (1) representation of bitumen by a user-
defined number of pseudo components, (2) estimation of pseudo components’ parameters, such as
critical temperature (Tc), critical pressure (Pc), acentric factor (w), and critical volume (Vc), using various
correlations, and (3) regression of the parameters to match experimental data.

Step 1 of the conventional method uses atmospheric and vacuum distillation data. Bitumens are
represented by SARA (saturate, aromatic, resin, and asphaltene) fractions or by pseudo components
obtained from a certain probability distribution function, such as the gamma distribution function
(Whitson 1983). Step 2 of the conventional method is often based on the correlations with normal boiling
point (Tb) and specific gravity (y). Binary interaction parameters (BIPs) are also estimated as functions
of one or more parameters, such as Tc, Pc, Vc, and w. Step 3 of the conventional method is to reduce
the deviation of EOS predictions from experimental phase behavior data because the general
correlations used in step 2 tend to be in substantial error when extrapolated to high carbon numbers
(CNs) relevant to bitumen components. Therefore, many parameters, such as Tc, Pc, Vc, w, BIP, and
volume shift, for pseudo components are adjusted to match various data, such as gas solubilities and
densities.

The conventional method described above is concerned mainly with the correlative accuracy for the
experimental data available. Due likely to a high level of uncertainties in bitumen data, the number of
pseudo components required for the conventional method to match experimental data ranges up to 6
(Fu et al. 1985, Lu et al. 1986, Mehrotra and Svrcek 1988a, Mehrotra et al. 1989, Kariznovi et al. 2010).
With the conventional method, use of one pseudo component was unsuccessful for matching bitumen
data (Mehrotra and Svrcek 1988a, Mehrotra et al. 1989). No approach to predicting the number of

pseudocomponents representing bitumen for reliable recovery simulation has been developed. The
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general approach to representing the plus fraction by multiple pseudocomponents is based on the
understanding that lumping of components results in loss of information and flexibility (Leibovici 1993).
It is unknown in the literature whether characterization of bitumen/solvent mixtures, although
challenging, requires as many as 6 pseudo components for thermal flow simulation. Use of more
components certainly offers the flexibility in matching experimental data; however, the correlative
accuracy obtained with a large number of pseudo components does not necessarily yield accurate
predictions of phase behavior during thermal flow simulation due to a wide range of thermodynamic
conditions encountered. As will be shown later in this paper, a proper number of pseudo components
in bitumen characterization cannot be determined without consideration of compositional effects in the
oil recovery process of interest, which is ES-SAGD in this paper.

6.2.1. Algorithm for Bitumen Characterization

The PnA method begins with a PR-EOS model calibrated for n-alkanes; hence, pseudo components
are initially assumed to be n-alkanes. Then, the a and b parameters for pseudo components are
adjusted in the direction of increasing aromaticity from n-alkanes (i.e., zero aromaticity) until a saturation
pressure and densities at a given temperature are matched for the fluid of interest. Volumetric and
compositional phase behavior are corrected largely by adjusting the b parameter to match densities and
by adjusting the y parameter to match a saturation pressure, respectively. The y parameter is

expressed as Equation 6-1.
y = a/b?, or 2—§Pc(1 +m[1 — (T/T)*5])? (6-1)

on the basis of the PR EOS. Details of the original PnA method can be found in (Kumar and Okuno
2015).

The two types of experimental data, density and saturation pressure, are important in the PnA
method since the b and @ parameters are adjusted specifically for volumetric and compositional
predictions, respectively. In this research, such experimental data are taken from a bitumen/gas
mixture, because a bitumen sample often exhibits no obvious saturation pressure even at 450 K, which
is near the highest operating temperature of the conventional phase-behavior experimental setup. More
specifically to this paper, we use the saturation pressure and density data for the bitumen saturated with
methane around 373.15 K (100°C), although the selection of gas and temperature is arbitrary in
principle. The BIPs of methane with bitumen components are set to zero in this paper, although other
default values are also possible.

As presented in Kumar and Okuno (2015), the adjustment of the b parameter for matching density
data is performed using Equation 6-2.

%

A\ 2
1) -9.12089276536298 x 1075 (50)"  (6-2)

bi bi

b; =-14.6992113939827 + 1.36977232166027(

189



where i is the index for pseudo components, mei = (MWi/86.0)®, and MWi is the molecular weight of
component i. The fp perturbation parameter is zero for n-alkanes, and increases with increasing level
of aromaticity in terms of volumetric phase behavior. The mw parameter increases with MW for a given
fo value.

The a parameter is adjusted through the y parameter for a given b parameter (i.e., a = yb2). Unlike
in the original PnA method (Kumar and Okuno 2015), however, the adjustment of y can be conducted

using a simplified equation:
P; = —0.9415MW; + 2495.8f,,. (6-3)

Coefficients in Equation 6.3 corresponds to temperature of 373.15 K. Equation 6.3 represents the n-
alkane case when the fy perturbation parameter is the initial value of 1.0. The simplification is possible
because a large fraction of bitumen components are heavier than CN 20, in which y linearly decreases
with MW as shown in (Kumar and Okuno 2015). The y function can be systematically increased by
increasing the fy perturbation parameter, which increases the y-intercept of the function. When only one
pseudo component is used, the y parameter is adjusted by changing the fy perturbation parameter in
Equation 6-4.

U = W,fy = (—0.9415MW + 2495.8)f,, (6-4)

where yn is the y parameter calculated for an n-alkane with MW.

Unlike the conventional method, the PnA method systematically changes the vapor pressure curves
of all pseudo components through direct adjustment of the two parameters. Figure 6.1 shows the
change in phase envelope for an example mixture of bitumen and methane, in which bitumen is
represented by a single pseudo component. The solid curve in this figure is the initial phase envelope
for which the bitumen is assumed to be an n-alkane (i.e., fo = 0.0 and fy = 1.0). The other curves
correspond to positive level of aromaticity of the bitumen (i.e., fo > 0.0 and fy > 1.0). The step-wise
description of the algorithm is given below.

Step 1. Compositional characterization

This step is required only when bitumen is to be represented by multiple pseudo components.
The chi-squared distribution function (Quifones-Cisneros et al. 2004) is applied to split bitumen
into pseudo components. Quifiones-Cisneros et al. (2004) observed in their study that degree
of freedom of 10 was sufficient for heavy oils used. In this work, a degree of freedom of 12 is
assumed for bitumen. The C7+ molecular weight is taken from the molar mass reported for the
bitumen sample of interest. The bitumen is split into a desired number (n) of pseudo
components with equal mass fractions. In this paper, four pseudo components (i.e. n = 4) are
used for multicomponent representation of bitumen. Set f, = 0.0, and fy = 1.0.

Step 2. Initialization of the a and b parameters for each pseudo component
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Equation 6.2 is used for covolumes, bj, fori =1, ...n. Equation 6.3 is used for yi (i = 1,.n) if n >
1. Otherwise, Equation 6.4 is used. Then, the attraction parameter is calculated by ai = yib?
for each pseudo component.
Step 3. Perturbation of f, to match the saturation pressure
Calculate & = (Ps — Ps_eos)/Ps, where Ps is the saturation pressure measured for a
bitumen/methane mixture at 373.15 K as discussed previously. Ps eos is the calculated
saturation pressure, and 0 is the average absolute relative deviation (AARD) in saturation
pressure. If & < OtoL (e.g., 10%), go to Step 4. Otherwise, increase fy (i.e. fy = fy + Afy ; Afy =
10+) and go to Step 2.
Step 4. Perturbation of f, to match the saturated liquid density
Calculate the AARD in density, €, as (Dn — Dn_eos)/Dn, where Dn is the density at the saturation
point used in step 3, and Dn_eos is the calculated density. If € < etoL (e.g., 103), stop. Otherwise,
increase fb (i.e., fb = fo + Afo; Afb = 10), reset fy to 1.0, and go to Step 2.
Step 5. Conversion of the final set of the a and b parameters to T¢, Pc, and w
This step uses the procedure of Kumar and Okuno (2015), in which a physically reasonable set
of Tc, Pc, and w is back calculated from the final set of the a and b parameters from the PnA
method. This calculation also gives T and y for each pseudo component as it uses the Lee-
Kesler (1975) and Kesler-Lee (1976) correlations. The correlation of Riazi and Daubert (1987)
can be used along with the Ty and y to calculate Vc for each pseudo component.
6.2.2. Case Studies for Bitumen Characterization.
The algorithm presented in the previous subsection is used to characterize six bitumens: Athabasca
(Svrcek and Mehrotra 1982, Mehrotra and Svrcek 1985a), Cold Lake (Mehrotra and Svrcek 1988b),
Peace River (Mehrotra and Svrcek 1985b), Wabasca (Mehrotra and Svrcek 1985c¢), JACOS (Kariznovi
2013, Nourozieh 2013) and Surmont (Kariznovi 2013, Nourozieh 2013). For each bitumen, data are
available for methane/bitumen mixtures so that the algorithm can use the density at the methane-
saturation pressure near 373.15 K (100°C) in Steps 3 and 4. As mentioned previously, the BIPs for
methane with pseudo components are set to zero for all cases in this paper.
The systematic change in pseudo components’ properties during the regression allows to conduct
a comparative study of bitumen characterization in terms of the number of pseudo components used.
Hence, each bitumen is characterized by using four pseudo components (the 4-PC case) and one
pseudo component (the 1-PC case). Table 6.1 shows the data used for the characterization and the
converged values for f, and fy for each bitumen. The densities of methane-saturated bitumens, Dn, at
Ps are similar to each other; therefore, no correlation is obvious for Dn and fo. However, it is relatively
clear that fy increases with Ps, which comes from the systematic change in phase envelope in the PnA
method; that is, the two-phase envelope for a bitumen/methane mixture gradually expands in pressure-

temperature space as the perturbation proceeds (see Figure 6.1).
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For each bitumen, additional data available for methane solubilities are used to test the predictive
accuracy of the resulting EOS model. Table 6.1 summarized the AARDs for these additional data. The
AARD in methane solubility predicted for 99 temperature-pressure points for six bitumens is 10.75%
with the 4-PC case and 10.44% with the 1-PC case. The difference is insignificant between the 4-PC
and 1-PC cases likely because the relative volatility of methane to each pseudo component is not much
different due to the substantial asymmetricity between methane and bitumen.

As reported by Mehrotra and Svrcek (1988a), some data are unreliable. For example, Table 6.1
shows that the PnA method yields the AARD of 9.24% in the 4-PC case and 11.05% in the 1-PC case
for methane solubilities for Athabasca bitumen. However, if the four unreliable data are excluded from
the evaluation, the AARD reduces to 5.77% in the 4-PC case and 5.86% in the 1-PC case. Mehrotra
and Svrcek (1988a) showed their characterizations of the same bitumen excluding the four unreliable
data. The characterization of Mehrotra and Svrcek (1988a) resulted in the AARD of 4.9% using five
pseudo components. Kariznovi et al. (2010) reported the AARD of 7.95% using 6 pseudo components
EOS model.

A bitumen sample usually does not contain gas components, such as N2, CO2, and hydrocarbon
gases. This is why the density at a saturation pressure for a gas/bitumen mixture is required for the
PnA method to capture the compositional and volumetric phase behavior of bitumen through the a and
b parameters. Although the density at a methane-saturation pressure was matched with zero BIPs for
methane with bitumen components in this section, matching solubilities of a gas in a bitumen generally
requires adjustment of their BIPs because the gas is not a part of the characterized bitumen. Such
adjustment of BIPs is presented here for matching gas solubilities: N2, CO2, and C:z for Athabasca
(Svrcek and Mehrotra 1982, Mehrotra and Svrcek 1985a), Cold Lake (Mehrotra and Svrcek 1988b),
Peace River (Mehrotra and Svrcek 1985b), Wabasca (Mehrotra and Svrcek 1985c), C2 for JACOS
bitumens, and Cz, Cs, and C4 for Surmont bitumen (note that results for methane solubilities were
presented in Table 6.1).

Table 6.2 shows the optimized BIPs and AARDs for the solubility data for these gases. As in Table
6.1, results for the 4-PC and 1-PC cases are shown in this table. The AARDs in the two cases are
similar to each other; that is, bitumen characterization by the PnA method is insensitive to the number
of pseudo components used for the cases tested. For comparison purposes, the last column of Table
2 presents the AARDs reported by Kariznovi et al. (2010) using the PR EOS with six pseudo
components. The comparison shows that use of one pseudo component may be sufficient, at least, for
correlating experimental data using the PR EOS. However, a proper number of pseudo components
should be evaluated in the context of flow in a specific reservoir process, which is ES-SAGD in this
research. This will be discussed in detail in the next section.

The AARD for ethane solubilities at 107 pressure-temperature points is 7.38% in the 4-PC case and
7.25% for the 1-PC case. Mehrotra and Svrcek (1989) reported that at least three data points for

Wabasca bitumen were unreliable. When these unreliable points are excluded, the AARDs for the
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ethane solubility in Wabasca bitumen are 4.06% and 3.96% for 1-PC and 4-PC respectively with the
PnA method, 4.1% by Mehrotra and Svrcek (1989) using 3 pseudo components. Kariznovi et al. (2010)
reported AARD of 6.56% using 6 pseudo components. Figure 6.2 compares the ethane solubilities
calculated based on the PnA method and the corresponding data for Cold Lake (Figure 2a) and
Athabasca (Figure 2b). This figure indicates that the bitumen model has been better calibrated at higher
temperatures likely because the methane saturation pressure, Ps, used is near 373 K.

The AARD for CO: solubilities at 91 pressure-temperature points is 6.05% in the 4-PC case and
6.06% in the 1-PC case. For Athabasca, the AARD is 5.6% with PnA method for 1-PC and 4-PC, 7.3%
with the characterization by Mehrotra and Svrcek (1988a) with five pseudo components, and 9.34% by
Kariznovi et al. (2010) with six pseudo components. For Wabasca, the AARD is 6.9% with PnA method
for 1-PC and 4-PC, 4.1% by Mehrotra and Svrcek (1989), and 8.88% by Kariznovi et al. (2010).
Experimental data for the Cold Lake bitumen shows that the COz2 solubility levels off at an increased
pressure along some isotherms, and that some solubility isotherms cross each other. Figure 6.3
compares the COz2 solubilities calculated based on the PnA method with the corresponding data for the
Cold Lake bitumen. The above-mentioned characteristics are observed for the data and predictions for
288 K and 299 K.

The gas-solubility data for JACOS (Kariznovi 2013, Nourozieh 2013) and Surmont (Kariznovi 2013,
Nourozieh 2013) bitumens contain the liquid-liquid (L-L) equilibrium in addition to the liquid-vapor (L-V)
equilibrium. It was observed in this research that a positive BIP was required to match L-L data using
the PnA method, but the use of a positive BIP did not affect the L-V predictions significantly. For
example, the optimized BIP between propane and the single bitumen component is 0.066 for Surmont
bitumen as given in Table 6.2. The L-L data could not be matched with zero BIP for propane and the
bitumen component.

It is important to analyze the sensitivity of bitumen characterization to the MW used in Step 1,
considering the inherent uncertainty in the quality of bitumen samples. JACOS bitumen is re-
characterized using the 1-PC PnA method assuming different MWs from perturbation of the MW
between -15% and +15%. Then, predictions are made for methane and ethane solubilities. The BIP
for methane with the bitumen is zero, and that for ethane with the bitumen is 0.01. Figure 6.4 shows
the variation of AARDs with respect to MW deviation. The variation in AARD is quite small; e.g., it is
less than 1.2% and 2.25% between -15% and +15% deviation in MW for the methane and ethane
solubilities respectively. Higher AARD in case of ethane may be because of used BIP of 0.01 for all
cases of MW variation. The results indicate that the PnA method of bitumen characterization is not
much affected by the uncertainty of bitumen MW. However, it is important to use reliable data for the
density at a saturation pressure for a gas-saturated bitumen because it directly affects the a and b

parameters in the PnA method.
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6.3. Sensitivity Analysis of Oleic-Phase Viscosity at the Chamber Edge

Results in the previous section indicate that the usage of one pseudo component (the 1-PC case) yields
a similar level of accuracy to that of four pseudo components (the 4-PC case) in terms of gas solubility
calculations. However, they may still exhibit substantial differences when used in flow simulation of
steam-solvent coinjection for bitumen recovery. This is because bitumen recovery in such processes is
dependent mainly on the L-phase viscosity near the steam-chamber edge. Currently, however, the
effect of bitumen characterization on bitumen recovery simulation can be evaluated only by running
multiple flow simulations with different sets of fluid models, which is time-consuming. This section
presents a new analytical method to evaluate the sensitivity of coinjection simulation results to bitumen
characterization, without running actual flow simulations.

The main idea is to see if there is a substantial difference between the lightest and heaviest pseudo

components of a multi-component model in terms of viscosity when they are treated as a single-
component bitumen and mixed with solvent at the chamber-edge conditions. If the difference is small,
the pseudo components (bracketed by the lightest and heaviest) likely behave similarly in thermal flow
simulation, and may be modeled as a grouped single component. Otherwise, use of multiple
components is recommended for proper representation of bitumen for steam-solvent coinjection
simulation.
6.3.1. Temperature, Oil-Phase Composition, and Viscosity at the Chamber Edge
The first step is to estimate the temperature and oil-phase composition at the steam-chamber edge,
which significantly affect oil recovery in coinjection. A chamber edge is defined where the phase
transition occurs between the oil-water (L-W) and vapor-oil-water (V-L-W) phase equilibria; hence, it is
where the V phase (dis)appears. A brief description of the L-phase composition at a chamber edge is
given below. More details of similar calculations can be found in Keshavarz et al. (2013).

The thermodynamic formulation is based on the following assumptions as conventionally done in
this area of research: (a) ternary mixtures of water, a solvent component, and a bitumen component; (b)
complete immiscibility between the W and L phases; (c) Raoult’s law for partitioning of the water
component between the W and V phases; and (d) hydrocarbon K values based on the PR EOS. The
water, oil, and solvent components are labeled with indices i = w, o, and s, respectively. The W, L, and
V phases are expressed using indices j =W, L, and V, respectively. xjj is the mole fraction of component
i in phase j. Then, phase equilibrium for such a ternary three-phase system at a given temperature (T)

and pressure (P) is given by Equations 6-5 to 6-9.

PyP = X,y P (6-5)
Xov = KoXoL, (6-6)
Xsy = KsXqr, (6-7)
XoL + Xg1, = 1.0 (6-8)
Xwv T Xov + X5y = 1.0 (6-9)
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where P, is the vapor pressure of water at T, and K is the K value for component i. Equation 6-5 is
for the V-W equilibrium, and Equations 6 and 7 are for the V-L equilibrium. Equations 8 and 9 are
summation constraints. Note that the W phase consists of only water, and the L phase contains no
water, due to assumption (b).

Using the multiphase Rachford-Rice procedure (Okuno et al. 2010) as used in Keshavarz et al.
(2015), it is easy to solve for the L-phase composition (xi; i = {0, s}) at a given P and T because the
compositions of three equilibrium phases are uniquely determined for a ternary system at a given P and
T. The L-phase composition so obtained corresponds to the one at the chamber-edge temperature (Te)
at a given P; that is, the specified T is taken as Te. This procedure gives the relationship between the L-
phase composition and temperature at the chamber edge for a given operating pressure for a specified
solvent-bitumen system.

Once the relationship between Te and the L-phase composition at P is set, the second step is to
calculate the L-phase viscosity through a certain model. The following viscosity model has been

implemented in the STARS (2012) reservoir simulator:

Inpyiy = TG xiln, (6-10)

which is used in this section in order to keep the consistency with the simulation case study given in
Section 6-4. In Equation 6-10, xi and pi are the mole fraction and the effective viscosity of component
i, respectively. Nc is the number of components in the phase for which the viscosity, umix, is calculated
(Nc = 2 in this section because only the o and s components are present in the L phase). Note that an
effective viscosity is in general different from the viscosity of that component because it is determined
by matching experimental viscosity data for mixtures using Equation 6-10.

Experimental data are used for o for the 1-PC bitumen. For the 4-PC case, po for each pseudo
component is determined by fitting Equation 6-10 to that of the 1-PC bitumen using the known overall
composition. An effective viscosity for a gas or solvent (e.g., methane and solvent components used in
steam-solvent coinjection) is determined by fitting Equation 6-10 to experimental viscosity data for a
given composition. Viscosity data is available only for mixture of methane with JACOS bitumen. As
evident from Table 6-1, JACOS and Surmont bitumens’ molecular weights, methane solubilities, and
characterization parameters (f» and f,) are not significantly different. Hence, viscosity data for propane’s
mixture with Surmont bitumen (Nourozieh 2013) is used for JACOS. Effective viscosity for methane and
for propane is estimated at isobaric (35 bars) temperature points using Equation 6-10 and their
respective mixture viscosity data. When experimental data are not available for the bitumen/gas system
of interest, correlations shown in Equation 6-11 (e.g., the corresponding state viscosity model (Lindeloff
et al. 2004)) can be used to obtain a reasonable estimation of an effective viscosity for the gas/solvent,

as in the next subsection.

Tc,mix:l(_%) [pc,mix ](g) [Mmix (0'5) ( Hs,pure 0-5

us,eff - [ Tc,ref p(:,ref Mref ) uCS,eff (6-1 1)

HC3,pure
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Like corresponding state viscosity model (Lindeloff et al. 2004), Equation 6-11 establishes the
relationship between two sets of information; one set is {Tcref, Pciref, Mref, Uc3,pure, Hc3,eff}, and other set is
{Temix, Pemix, Mmix, Ms,pure, Ms,eff}. In Equation 6-11, subscripts ref and mix show reference and mixture
states. Reference state indicates to propane (Cs) and its mixture with bitumen. The terms Tcref, Pciref,
Mt refers to pseudo critical temperature, pseudo critical pressure, molecular weight of mixture of
bitumen and propane; and Tc¢mix, Pcmix, Mmix refers to pseudo critical temperature, pseudo critical
pressure, molecular weight of mixtures of bitumen and solvent (other than propane). The terms Jc3pure
and pcserf are pure Cs viscosity and effective Cs viscosity (in bitumen and Cs mixture), respectively, at
pressure P and temperature T; pspure and Pseff are pure solvent (other than propane) viscosity and
effective solvent viscosity (in bitumen and solvent mixture), respectively, at pressure P and temperature
T. Liquid phase viscosity for pure solvents, such as n-Cs, n-C7, n-Cs, and n-C1o, are available from the
literature (Dymond and @ye 1994); for other solvents, liquid phase viscosity is found by extrapolation
and interpolation.

In the third, last step, two curves for umix at Te for an operating P with a specific solvent coinjected
with steam are plotted along the mixing line between 100% solvent and 100% bitumen; one with the
lightest pseudo component, and the other with the heaviest pseudo component, in a multi-component
representation of bitumen. Note that Te varies with the L-phase composition, through the temperature
dependency of K values. That is, the resulting pmix function has taken into account the effect the varying
temperature on pmix. If a large difference is observed for the two curves along the mixing line between
the solvent and bitumen, use of multiple pseudo components is recommended for proper representation
of bitumen in the steam-solvent coinjection of interest. Otherwise, a single-component bitumen model
is likely sufficient. For further explanation, an example calculation will be shown using JACOS Bitumen

in the next subsection.
6.3.2. Application to JACOS Bitumen
The analytical method given in section 6.3.1 is applied to JACOS bitumen. The sensitivity of the L-

phase viscosity at Te at a typical operating pressure (35 bars) to the number of components used in
bitumen characterization is studied for different single-component solvents, n-alkanes from Cs to Cro.
The 4-PC and 1-PC representations are compared.

JACOS Bitumen was characterized in Section 6.2. However, it is re-characterized here using
unequal mass fractions, in place of the equal mass used previously. This is to have a wider variety of
pseudo components in terms of volatility, which is expected to amplify the difference in terms of pmix
among pseudo components in the analytical method. Table 6.3 presents the resulting 4-PC model
along with the original 4-PC and 1-PC models from Section 6.2. The mass fraction is 0.85 for the
heaviest and 0.05 for the lightest pseudo component.

Figure 6.5 compares the temperature-composition (T-x) diagrams for binary mixtures of Cs with
different pseudo components. Figure 6.5a uses 4 pseudo components on the equal mass basis (from

Section 6.2) and the 1-PC model. Figure 6.5b uses 4 pseudo components on the unequal mass basis
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and the 1-PC model. As expected, the latter shows a larger difference between the lightest (4-PC-L)
and heaviest (4-PC-H) pseudo components in terms of two-phase envelope with Ca.
BIPs of solvents with pseudo components are based on the correlation developed using

experimental data as follows:

Ves
Vc,b

ke, = 0.0349 1n< ) +0.1329 (12)

where ksb is the BIP between the solvent and bitumen components. V¢s and Vcp are the critical volumes
of the solvent and bitumen components, respectively. They can be obtained from Step 5 of the PnA
algorithm (see Section 6.2.1). As discussed earlier, JACOS and Surmont bitumen do not appear to be
significantly different, hence, Equation 6-12 has been developed using optimized BIPs for propane and
butane solubility in Surmont bitumen.

Then, K values are obtained for water and hydrocarbon components at 35 bars, as described in the
previous section. Raoult’s law is used for partitioning of water between the V and W phases. The PR
EOS modelis used for L-V equilibrium for binary systems, each of which consists of a solvent component
and a pseudo component (the lightest or the heaviest pseudo component). The K values are then used
to obtain the relationship between Te and the L-phase composition. Since the L phase does not contain
the water component, Te is given as a function of xs. for each of the lightest and heaviest pseudo
components.

On the basis of experimental data, the effective viscosities for methane and propane have been
obtained at 35 bars at different temperatures. Effective viscosities for other solvent components are
estimated by using a corresponding state method, which is similar to Lindeloff et al. (2004). Figure 6.6
shows the effective viscosities with varying temperature at 35 bars obtained for different solvents. The
number next to each curve is the solvent CN.

Finally, Equation 6.10 is used with the effective viscosities and the relationship between Te and xsL
at 35 bars for the lightest and heaviest pseudo components for each solvent. This gives the L-phase
viscosity at the chamber-edge conditions (Uedge) @s a function of xs. for each solvent/pseudo-component
pair. Figure 6.7a, b, and c respectively present the results for Cs, C4, and Cs. In each figure, pedge for
the 1-PC model is also given as a reference. The difference between the pedge curves for the lightest
and heaviest pseudo components is the largest for the Cs coinjection case, and diminishes as the solvent
becomes heavier. In Figures 6.7a, b, and ¢, Jedge at lower and higher ends of xsL are mainly determined
by viscosity of bitumen components (i.e. 1-PC, 4-PC-L, 4-PC-H) and solvents respectively. It is
important to analyze the trends in mid-range of xsL.

Difference in pedge trends in mid-range of xsL is mainly because of two factors: (1) difference in
chamber edge temperatures (Te), and (2) varying viscosity gradient (Ap/AT) with temperature. Volatility
decreases with increase in carbon number of solvents. For a given bitumen component, Te increases
with increasing carbon number of solvent. Gradient of viscosity (Ay/AT) is significantly higher in lower
temperature range than that at higher temperatures; for example, viscosity data for JACOS bitumen
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show gradients (Figure 6-8) of -115 cP/K at 345 K and -0.45 cP/K at 445 K at 35 bars. The impact of
varying gradient of viscosity on pedge becomes less significant with increasing Te or carbon number of
solvent.

Let us consider the liquid phase with 0.5 mole fraction of propane which exists at Te of 391 K for 1-
PC, 401 K for 4-PC-L, and 390 K for 4-PC-H; viscosities at these temperatures for propane are 0.97 cP,
0.94 cP, and 0.97 cP, and for 1-PC, 4-PC-L, and 4-PC-H are 96.3 cP, 61.0 cP, and 100.6 cP
respectively. Corresponding temperatures (Te) for butane as solvent are 440 K, 451 K, and 438 K, and
viscosities at these temperatures for butane are 1.16 cP, 1.12 cP, and 1.17 cP, and for 1-PC, 4-PC-L,
and 4-PC-H are 19.84 cP, 15.14 cP, and 21.13 cP respectively. The Te and viscosity for 1-PC and 4-
PC-H cases are not significantly different; hence, the trends of pedge With xsL for these are not significantly
different. The difference in trends for 4-PC-L and 4-PC-H is caused by difference in viscosities; for 11
K difference in their temperatures (Te), the difference in viscosities is 39.6 cP for propane solvent in
temperature range of 390-401 K, whereas for 13 K difference in temperature (Te), the difference in
viscosities for 4-PC-L and 4-PC-H is 5.99 cP for butane solvent in temperature range of 438-451 K. Due
to decreasing volatility with increasing carbon number of solvent, Tes increases and impact of varying
viscosity gradient becomes less significant. Hence, highest contrast in trends of pedge with xs. for 4-PC-
L and 4-PC-H is observed in case of propane, and this contrast increasingly diminishes with increasing

carbon number of solvent.

6.4. Simulation Case Study

This section shows the simulation case study for steam-solvent coinjection for JACOS bitumen based
on the reservoir model used in Keshavarz et al. (2014). The simulation is performed using the STARS
(2012) simulator with the phase behavior models from the 4-PC and 1-PC cases (see Table 6.3).
Results from Section 6.3 indicate that the simulation of Cs-steam coinjection for JACOS bitumen may
be sensitive to the number of pseudo components used for bitumen characterization; that is, use of the
4-PC model may result in different simulation results than that of the 1-PC model. This is validated in
this section.

The reservoir and fluid properties are summarized in Table 6.4. This is a vertical-cross-sectional 2-
D reservoir with 70 (horizontal) x 20 (vertical) grid blocks. The uniform grid-block size is 1.0 x 37.5 x 1
m. Grids are numbered from left to right in the horizontal direction, and from top to bottom in the vertical
direction. The injector is located at the grid bock (1, 14), and the producer is at (1, 18); i.e., only a half
of a steam chamber is simulated.

The gas-to-oil ratio is assumed to be 4 Sm3/Sm3, for which the reservoir oil consists of 91 mol%
JACOS bitumen and 9 mol% methane. The solvents tested are n-alkanes between Cs and C1. The
coinjection pressure is 35 bars, at which the saturation temperature of water is 515.86 K. The K values
for water, solvents, and pseudo component(s) of bitumen are generated using the Winprop software
(CMG 2012) for 80 mol% reservoir-oil and 20 mol% solvent. The injectant consists of 2 mol% single-

component solvent and 98 mol% water.
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The viscosity model used was given in Section 6.3. The density data are available for mixtures of
bitumen with methane and propane. Densities for mixtures of bitumen and other solvents can be
calculated by using the EOS models (Table 6.3). However, the STARS simulator uses
pl_L - iN:CI% (13)
to calculate the L-phase density. Therefore, the L-phase density values from experimental data and
EOS models are used to calculate the effective densities of components in the L phase using Equation
6.13. In this equation, pL is the molar density of the L phase, xi is the mole fraction of component i in
the L phase, and pi. is the effective molar density of component i in the L phase. The starting value for
piL is obtained from the a and b parameters for component i with the PR EOS at the pressure and
temperature. Then, piL are regressed to match pL with Equation 6-13. Other parameters, such as liquid
compressibility, coefficients of thermal expansion, enthalpy, are generated using the Winprop software
(CMG 2012) with the EOS models.

Production starts after six months of preheating for achieving the thermal communication between
the injector and the producer. Figure 6-9 presents the bitumen production histories for four cases of
coinjection: Cs, Cs4, Cs, and Cs. For each solvent coinjection case, two curves are given for the 4-PC
and 1-PC bitumen models. The recovery histories for heavier solvent cases are too close to the Ce
coinjection case, and not shown in Figure 6-9. In general, bitumen production is more rapid in coinjection
of heavier solvent because of higher Te and dilution of bitumen. Although an optimum solvent should
be selected based on economic evaluations of the entire process, Figure 6-9 indicates the effect of
solvent on bitumen production may diminish at CN 5 in these simple simulations.

Figure 6-9 shows that the difference between the 4-PC and 1-PC cases is pronounced for the Cs-
steam coinjection case. This is because different pseudo components behave differently in the
coinjection simulation in terms of the L-phase viscosity, which is the primary factor affecting bitumen
production. The difference in phase behavior can be quantified by looking at the difference between the
lightest and heaviest pseudo components (4-PC-L and 4-PC-H). The results given in Figure 6-9 is in
line with the observation from the previous section that the pedge curves for the 4-PC-L and 4-PC-H
exhibit more deviation for the Cs coinjection case than for coinjection of heavier solvents. This simulation
case validates the simple procedure developed for assessing the sensitivity of coinjection simulation to
the number of bitumen components.

Figure 6-10 shows pedge Observed along the chamber edge in the Cs, C4, and Cs coinjection cases
using the 4-PC and 1-PC models after 580 days of production. The horizontal axis in the figure is the
number of grid block from the reservoir top. Note that the plots for the 4-PC cases come from the mixing
of all components, including the coinjected solvent and 4 pseudo components. The simulated pedge
shows the largest difference between the 4-PC and 1-PC cases for the Cs coinjection case. The

difference diminishes as the coinjected solvent becomes heavier. The absolute average deviation
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(AAD) for pedge between the 4-PC and 1-PC cases is 1.64 cp for C3 coinjection, 0.31 cp for C4 coinjection,

and 0.21 c¢p for Ce coinjection.

6.5.

Conclusions

In this paper, a new analytical method was presented for assessing the sensitivity of ES-SAGD

simulation to the number of components used for bitumen characterization. The method was compared

with the flow simulation based on experimental phase behavior data and reliable bitumen

characterization. The PnA method of fluid characterization was applied for the first time to bitumen

characterization. Conclusions are as follows:

o

The analytical method for assessing the effect of bitumen characterization on ES-SAGD
simulation results was successfully validated in the simulation case study. Use of multiple
pseudo components is recommended if the lightest and heaviest pseudo components from a
multi-component representation of bitumen behave differently in terms of the L-phase viscosity
at the chamber-edge conditions. The analytical method can detect the sensitivity of ES-SAGD
simulation to bitumen characterization without performing multiple flow simulations using
different sets of fluid models.

The PnA method was successfully applied to characterization of six different bitumens. With
the PnA method, no obvious difference was observed between the one-component and four-
component representations of bitumen in terms of the correlative accuracy for gas solubilities
and densities using the PR EOS.

A proper number of pseudo components for bitumen characterization for ES-SAGD simulation
cannot be determined without considering the effect of phase behavior on the L-phase viscosity
at the chamber-edge conditions. Results show that the one-component representation of
bitumen may be sufficient for correlating gas solubilities and densities, but may not for reliable
ES-SAGD simulation. This is because ES-SAGD simulation is substantially affected by the L-
phase viscosity near the chamber edge, in which the gravity drainage of oil takes place.
Matching L-L equilibrium data required positive BIPs between solvent and bitumen. The L-V
equilibrium for bitumen and solvent was not sensitive to the BIPs used. Therefore, use of
positive BIPs improved the accuracy of L-L representation without significantly affecting the
accuracy of L-V representation.

Bitumen characterization with the PnA method was not much affected by the uncertainty of
bitumen MW. However, it is important for the PnA method to use accurate phase behavior data
for saturation pressure and densities for gas-saturated bitumen.

Bitumen can be characterized as single pseudo component with the PnA method, with predictive
capability similar to multiple pseudocomponents conventional characterization.  Unlike
conventional characterization which requires multiple data sets, the PnA method requires only
molecular weight, one saturation pressure, and one density data for reliable characterization of

bitumen.
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6.6. Nomenclature

AARD

AAD

BIP

CN
ES-SAGD
L-L

L-V

NC

PC

PR EOS
SAGD
T-x

Greek Symbols:

o)
OToL
£

€TOL

Medge

Roman Symbols:

a

. Y 1
. Average absolute relative deviation = MZ}L

prediction—data
Data j

. Average absolute deviation = %Zj"illprediction — datal;

. Binary Interaction Parameter

: Carbon number

. Expanded Solvent-Steam Assisted Gravity Drainage
. Liquid (L)-liquid (L) phase equilibrium

: Liquid (L)-vapor (V) phase equilibrium

: Number of components

: Pseudo components

: Peng and Robinson (1976, 78) equation of state

: Steam Assisted Gravity Drainage

: Temperature-composition

: Deviation of calculated saturation pressure from experimental value

. Tolerance set for deviation (d)

: AARD for density prediction

. Tolerance for density prediction for density data match.

. Viscosity

. Viscosity of oleic phase in equilibrium with other two HC phases at chamber edge.
: Molar density of liquid phase (Equation 12)

. Effective molar density of ith component in liquid phase (Equation 12)

. Specific gravity

: Parameter defined in Equation 1.

. Solvent mole-fraction in oleic phase in equilibrium with other two HC phases.

. Acentric factor

. Attraction parameter in Equation of State

: Covolume parameter in Equation of State

fo
fy

Dn_Eos

: Regression perturbation parameter for covolume parameter in PR EOS

: Regression perturbation parameter for @ as shown in Equations 3 and 4.
: Experimental density data

. Predicted density with PR EOS
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Ksb : Binary interaction parameter for solvent and bitumen pair (Equation 11).

MW . Molecular Weight

n : Number of pseudocomponents

m : Parameter in PR EOS as function of acentric factor
mp : Parameter defined in Equation 2.

Pc . Critical pressure

PC : Pseudo components

Ps : Experimental saturation pressure

Ps_eos : Calculated saturation pressure with the PR EOS
Tb : Boiling point

Tc . Critical temperature

Te : Chamber edge three-phase temperature

Ve : Critical volume of bitumen

Vcs : Critical volume of solvent

Subscripts:

i . Index for pseudocomponent

mix : Mixture property

S : Solvent

L : Liquid hydrocarbon phase with solvent and bitumen components
w : Water

W : Liquid water phase

\% : Vapor phase

Superscript:

Vap : Vapor pressure

202



6.7. References:

Butler, R.M. 1997. Thermal Recovery of Oil and Bitumen. Calgary, Alberta: Black book series, GravDrain
Inc.

Computer Modelling Group (CMG) Ltd. Version 2012. Calgary, Alberta, Canada, 2012.

Dymond, J.H. and @ye, H.A. 1994. Viscosity of Selected Liquid n-Alkanes. J Phys Chem Ref Data 23
(1):41-53.

Fu, C.-T., Puttagunta, V.R., and Vilcsak, G. 1985. Vapour-Liquid Equilibrium Properties for Pseudo-
Binary Mixtures of CO2-Athabasca and Nz-Athabasca Bitumen. AOSTRA J. Research, 2 (2): 73-
81.

Gupta, S. and Gittins, S.D. 2006. Christina Lake Solvent Aided Process Pilot. Journal of Canadian
Petroleum Technology 45 (9): 15-18.

James, N.E. and Mehrotra, A.K. 1988. V-L-S Multiphase Equilibrium in Bitumen-Diluent Systems. Can
J Chem Eng 66 (5): 870-878.

Jha R.K., Kumar, M., Benson, I. et al. 2013. New Insights into Steam/Solvent-Coinjection-Process
Mechanism. SPE J. 18 (5): 867-877.

Kariznovi, M. 2013. Phase Behaviour Study and Physical Properties Measurement for Athabasca
Bitumen / Solvent Systems Applicable for Thermal and Hybrid Solvent Recovery Processes. Ph.D.
Thesis. University of Calgary, Alberta, Canada.

Kariznovi, M., Nourozieh, H., and Abedi, J. 2010. Bitumen Characterization and Pseudo Components
Determination for Equation of State Modeling. Energy Fuels 24 (1):624-633.

Keser, M.G. and Lee, B.l. 1976. Improved Prediction of Enthalpy of Fractions, Hydrocarb Process. 55,
153-158.

Keshavarz, M., Okuno, R., and Babadagli, T. 2014. Optimal Application Conditions for Steam/Solvent
Coinjection. SPE Res Eng Eval 18 (1):20-28.

Keshavarz, M., Okuno, R., and Babadagli, T. 2015. A Semi-Analytical Solution to Optimize Single-
Component Solvent Coinjection with Steam during SAGD. Fuel 144: 400-414.

Kumar, A. and Okuno, R. 2015. Direct Perturbation of the Peng-Robinson Attraction and Covolume
Parameters for Reservoir Fluid Characterization. Chem Eng Sci 127: 293-309.

Lake, LW., Johns, R., Rossen, B., and Pope, G. 2014. Fundamentals of Enhanced Oil Recovery.
Society of Petroleum Engineers, Richardson, Texas, USA.

Lee, B.l. and Kesler, M. G. 1975. A Generalized Thermodynamic Correlation Based on Three-
Parameter Corresponding States. AIChE J. 21, 510-527.

Leibovici, C.F. 1993. A Consistent Procedure for the Estimation of Properties Associated to Lumped
Systems. Fluid Phase Equilib. 87 (2): 189-197.

Lindeloff, N., Pedersen, K.S., Ronningsen, H.P. et al. 2004. The Corresponding States Viscosity Model
Applied to Heavy Oil Systems. J Can Petro Technol 43 (9):47-53.

Lu, B.C.-Y, Chung, W.K., Adachi, Y. et al. 1986. Correlation and Prediction of Solubilities of Gases in
Athabasca Bitumen. AOSTRA J. Research, 2 (3): 139-146.

Mehrotra, A.K. and Svrcek, W.Y. 1985a. Viscosity, Density and Gas Solubility Data for Oil Sand
Bitumens. Part |I: Athabasca Bitumen Saturated with CO and C2Hs. AOSTRA J. Res 1 (4): 263-268.

203



Mehrotra, A.K. and Svrcek, W.Y. 1985b. Viscosity, Density and Gas Solubility Data for Oil Sand
Bitumens. Part II: Peace River Bitumen Saturated with N2, CO, CHs, CO2 and C2Hs. AOSTRA J.
Res 1 (4):269-279.

Mehrotra, A.K. and Svrcek, W.Y. 1985c. Viscosity, Density and Gas Solubility Data for Oil Sand
Bitumens. Part lll: Wabasca Bitumen Saturated with N2, CO, CH4, CO, and C2Hs. AOSTRA J. Res
2 (2):83-93.

Mehrotra, A.K. and Svrcek, W.Y. 1988b. Properties of Cold Lake Bitumen Saturated with Pure Gases
and Gas Mixtures. Can J Chem Eng 66 (4):656-665.

Mehrotra, A.K., Patience, G.S., and Svrcek, W.Y. 1989. Calculation of Gas Solubility in Wabasca
Bitumen. J Can Pet Technol 28 (3):81-83.

Merotra, A.K. and Svrcek, W.Y. 1988a. Characterization of Athabasca Bitumen for Gas Solubility
Calculations. J Can Pet Technol 27 (6):107-110.

Nasr, T.N. and Ayodele, O.R. 2006. New Hybrid Steam-Solvent Processes for the Recovery of Heavy
Oil and Bitumen. Presented at Abu Dhabi International Petroleum Exhibition and Conference, Abu
Dhabi, U.A.E., 5-8 Nov. SPE-101717-MS.

Nasr, T.N., Beaulieu, G., Golbeck, H, et al. 2003. Novel Expanding Solvent-SAGD Process “ES-SAGD”.
J Can Pet Technol 42 (1):13-16.

Nourozieh, H. 2013. Phase Partitioning and Thermo-physical Properties of Athabasca Bitumen / Solvent
Mixtures. Ph.D. Thesis. University of Calgary, Alberta, Canada.

Okuno, R., Johns, R.T., and Sepehrnoori, K. 2010. A New Algorithm for Rachford-Rice for Multiphase
Compositional Simulation. SPE Journal 15 (2): 313-325.

Peg, D.-Y. and Robinson, D.B. 1976. A New Two-Constant Equation of State. Ind. Eng. Chem. Fund.
15 (1): 59-64.

Peng, D.-Y. and Robinson, D.B. 1978. The Characterization of the Heptanes and Heavier Fractions for
the GPA Peng-Robinson Programs. GPA Research Report RR-28.

Quinones-Cisneros, S.E., Zéberg-Mikkelsen, C.K., Baylaucq, A. et al. 2004. Viscosity Modeling and
Prediction of Reservoir Fluids: From Natural Gas to Heavy Oils. Int. J. Therm. 25 (5): 1353-1366.

Riai, M.R. and Daubert, T.E. 1987. Molecular Weight of Heavy Fractions from Viscosity. Oil Gas J 58
(2):110-113.

Svrcek, W.Y. and Mehrotra, A.K. 1982. Gas Solubility, Viscosity and Density Measurements for
Athabasca Bitumen. J Can Pet Technol 21 (4):31-38.

Whitson, C.H. 1983. Characterizing Hydrocarbon Plus Fractions. SPE J. 23 (4): 683-694

Yazdani, A., Alvestad, J., Kjonsvik, D., et al. 2011. A Parametric Simulation Study for Solvent Co-
injection Process in Bitumen Deposits. Presented at the Canadian Unconventional Resources
Conference, Calgary, Alberta, Canada, 15-17 November. SPE-148804-MS.

204



Table 6-1. Data used in characterization, and regressed fb and fy values for bitumens characterized.
AARDs shown are for prediction of methane solubility at pressure and temperature points other than that
used in characterization.

1-PC 4-PC Conventional

Data used in characterization (PnA Characterization) (PnA Characterization) Characterization

MW.  Xcha Ps Dy at Ps AARD AARD AARD (Kariznovi

Bitumen (gimol) (%) (bars) (gram/CC) o o) fo fu (%) etal. 2010) (%)
Athabasca 5946 2617 9440 09510 01420 12494  11.05 01353 12196  9.24 7.95
ColdLake 5330 1895 5160 00384 01517 10046 572 0.1447 10329  7.22 3.74
Peace River  527.5 2519 7650 0.9660 01718 1.0637 1108 0.1643 10797 11.75 10.14
Wabasca 4466 2833 9350 09310 01688 1.0857 835 01651 11056 11.23 7.51
JACOS 530.0 27.00 81.00 09440 01573 1.0378 1578 0.1502 1.0588 16.76

Surmont 540.0 27.00 80.00 09410 01585 1.0228  7.58 0.1513 1.0473  7.33

* Mole fraction of methane in methane saturated bitumen at 373.15 K and Ps shown. Temperature in case of Athabascais 372.95
K.

Table 6-2. Summary of case studies results.
The AARDs for solubility data match for optimized BIPs are presented and compared
with conventional characterization methods.
1-PC 4-PC Conventional
(PnA Characterization) (PnA Characterization) Characterization
Bitumen Gas Optimized AARD Optimized AARD AARD (Kariznovi et
BIP (%) BIP (%) al. 2010) (%)

Athabasca (Svrcek and Mehrotra 1982, Mehrotra and Svrcek 1985a)

N2 0.078 11.51 0.079 11.50 10.57

CO; 0.088 5.60 0.088 5.60 9.34

CoHe 0.012 4.78 0.013 4.82 5.52
Cold Lake (Mehrotra and Svrcek 1988b)

N2 0.175 6.00 0.175 5.94 5.62

CO2 0.096 4.34 0.096 4.30 8.89

CoHe 0.031 7.50 0.032 7.35 7.64
Peace River (Mehrotra and Svrcek 1985b)

I\ 0.068 11.78 0.068 11.79 14.40

CO; 0.098 7.89 0.098 7.89 8.77

CoHe 0.050 8.68 0.050 8.62 9.47
Wabasca (Mehrotra and Svrcek 1985c¢)

N2 0.230 16.03 0.000 16.93 19.91

CO; 0.094 6.91 0.084 6.90 8.88

CzHs 0.028 6.65 0.028 6.55 6.56
JACOS (Nourozieh 2013)

CoHe 0.010 9.83 0.010 9.84
Surmont (Kariznovi 2013, Nourozieh 2013)

CzHs 0.000 6.94 0.000 7.31

CsHs 0.066 6.83 0.063 6.52

CsH1o 0.076 8.74 0.076 7.77
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Table 6-3: Molecular weights, Tc, Pc, and w for pseudo
components from the proposed characterization for JACOS
bitumen

Bitumen as single pseudo component

Pseudo Component MW Tc (K)  Pc (bars) w
1-PC 530.00 847.17 10.64 1.0406
Bitumen split into four pseudo components with equal mass fractions
Pseudo Components Fggtlin MW Tc (K)  Pc (bars) w
4-PC-1 0.4001 331.77 775.08 14.36 0.81599
4-PC-2 0.2616  507.44 859.24 11.05 1.03422
4-PC-3 0.1995 665.41 905.82 9.27 1.16443
4-PC-4 0.1388  956.63 946.51 7.16 1.32306
Bitumen split into four pseudo components with different mass fractions
Pseudo Components F:\e/\lgtli%n MW Tc (K)  Pc (bars) w
4-PC-1 0.1189 222.88 686.53 18.07 0.59623
4-PC-2 0.0868 305.20 751.60 15.01 0.76675
4-PC-3 0.0751 353.73 781.52 13.73 0.84498
4-PC-4 0.7192  626.41 887.27 9.58 1.13115

Table 6-4. Reservoir and fluid properties used in recovery
simulation of JACOS bitumen.

Properties Values

Porosity 33%

Horizontal permeability 4000 md
Vertical permeability 3000 md

Initial reservoir pressure at depth of 500 m 1500 kPa

Initial reservoir temperature 13°C

Initial oil saturation 0.75

Initial water saturation 0.25
Three-phase relative permeability model (CMG 2012)  Stone’s model Il
Formation compressibility 1.8E-5 1/kPa
Rock heat capacity (Butler 1997) 2600 kJ/m3 °C
Rock thermal conductivity (Butler 1997) 660 kJ/m day °C
Over/underburden heat capacity (Butler 1997) 2600 kJ/m3 °C
Over/underburden thermal conductivity (Butler 1997) 660 kJ/m day °C
Bitumen thermal conductivity (Butler 1997) 11.5 kd/m day °C
Gas thermal conductivity (Yazdani et al. 2011) 2.89 kd/m day °C
Water thermal conductivity 1500 kd/m day °C
Bitumen molecular weight 530 kg/kg-mole
Bitumen specific gravity 1.077

Injector bottom-hole pressure (maximum) 3500 kPa
Producer bottom-hole pressure (minimum) 1500 kPa
Producer steam flow rate (maximum) 1 m%Day

Steam quality 0.9

Temperature of injected steam 242.71°C
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Figure 6-1. Systematic development of phase envelope for a sample mixture of bitumen and methane
during regression algorithm.
The phase envelope expands with increasing f, and fy values.
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Figure 6-2. Comparison of the data and predictions for ethane solubilities for (a) Cold Lake and (b)
Athabasca bitumens. For Cold Lake bitumen, solid curves show the predictions and dashed curves
show the data.
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Figure 6-4. AARDs for methane and ethane solubilities in JACOS bitumen with different MWs used in
the PnA algorithm.
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Figure 6-5. Comparison of T-x diagrams at 35.0 bars for bitumen and propane mixture for two different
compositional characterizations of JACOS bitumen.

Figure (a) uses same mass fractions (0.25) for all pseudocomponents, and figure (b) uses different mass
fractions (0.05 for 4-PC-L and 0.85 for 4-PC-H). The envelope shown by solid curve is for 1-PC, and
dotted curves are for the 4-PC-L and 4-PC-H. The T-x diagram is generated for binary mixture of
propane and pseudocomponent (1-PC, 4-PC-L, and 4-PC-H) of bitumen. The T-x diagram for 4-PC-1
is more separated from T-x diagram for others (1-PC and 4-PC-4) in figure (b) than that in figure (a).
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Figure 6-7. Estimated trends for the L-phase viscosity at the chamber-edge conditions (Pedge) with
respect to the solvent mole fraction in the L-phase (xsL).
Figures (a), (b), and (c) are for propane-steam coinjection, butane-steam coinjection, and hexane-

steam coinjection respectively.
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Chapter 7: A New Algorithm for Multiphase Fluid Characterization for Solvent

Injection

A version of this has been submitted to SPE J for publication. The manuscript is under review.
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7.1. Introduction

Solvent injection has been successfully implemented for enhanced oil recovery; e.g., in the Western
United States (Mizenko 1992; Stein et al. 1992; Tanner et al. 1992; Fulco, G. J. 1999; McGuire et al.
2001), Canada (Malik and Islam 2000), and the North Sea (Varotsis et el. 1986). Field pilot tests were
also reported for coinjection of solvent with steam for bitumen recovery in Canada (Gupta et al. 2005;
Gupta and Gittins 2006; Dickson et al. 2011).

Solvent injection can involve complex phase behavior, which consists of three hydrocarbon phases,
the oleic (L1), gaseous (V), and solvent-rich liquid (L2) phases. Such phase behavior has been reported
for various mixtures in the literature. For binary mixtures, CO2, methane, ethane, and propane were
studied as the solvent component mixed with a heavier n-alkane component (Rodrigues and Kohn 1967;
Kulkarni et al. 1974; Hottovy et al. 1981a; Enick et al. 1985; Fall and Luks 1985; Fall et al. 1985; Estrera
and Luks 1987; Peters et al. 1987a, 1987b; Peters et al. 1989; Van der Steen et al. 1989; Secuianu et
al. 2007). Ternary mixtures were studied by Horn and Kobayashi (1967), Hottovy et al. (1981b), Hottovy
et al. (1982), Llave et al. (1986), Jangkamolkulchal and Luks (1989), and Gregorowicz et al. (19933,
1993b). Mixtures of solvents with reservoir oils were also studied by various researchers (Shelton and
Yarborough 1977; Henry and Metcalfe 1983; Turek et al. 1988; Roper 1989; Sharma et al. 1989;
Okuyiga 1992; Creek and Sheffield 1993; DeRuiter et al. 1994; Mohanty et al. 1995; Godbole et al.
1995).

Three-hydrocarbon-phase behavior was characterized by use of a cubic equation of state (EOS) for
specific solvent-injection cases (Nghiem and Li 1986; Sharma et al. 1989; Negahban and Kremesec
1989; Okuyiga 1992; Khan et al. 1992; Creek and Sheffield 1993; Reid 1994; Mohanty et al. 1995;
Godbole et al. 1995; Guler et al. 2001; Aghbash and Ahmadi 2012). The EOSs used by them include
the Peng-Robinson (PR) EOS (Peng and Robinson 1976, 1978) and the Soave-Redlich-Kwong EOS
(Soave 1972). Their results indicate that these EOSs are capable of correlating three-hydrocarbon-
phase behavior quantitatively. However, their characterization procedures were specific to the fluids
studied. No systematic knowledge has been presented of how three-hydrocarbon-phase behavior can
be reliably characterized for solvent injection (Okuno and Xu 2014)

This paper presents a new algorithm for characterization of multiphase behavior with the PR EOS.
The term “multiphase behavior” in this paper refers to volumetric and compositional behavior of
equilibrium phases consisting of at most three hydrocarbon phases. Hence, the algorithm
accommodates the traditional vapor-liquid phase behavior as a subset of the research scope. The next
section describes the algorithm developed. Then, case studies are presented for 90 reservoir fluids, for
which experimental data are available in the literature.

7.2. Multiphase Fluid Characterization

Fluid characterization consists of three major steps: (i) compositional characterization of the plus

fraction; (ii) initial estimates for components’ properties, such as critical temperature (Tc), critical
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pressure (Pc), and acentric factor (w); and (iii) regression to the PVT data available. The current
research uses the method of Quifiones-Cisneros et al. (2004) for step i.

Steps ii and iii broadly follow the methodology of Kumar and Okuno (2013), which is referred to as
perturbation from n-alkanes (PnA). In the PnA method, step ii assumes that pseudocomponents are n-
alkanes; that is, they are assigned Tc, Pc, and w of equivalent n-alkanes in terms of carbon number
(CN). This assumption is based on well-defined thermo physical properties of three important
hydrocarbon groups i.e. paraffins, napthenes, and aromatics present in pseudocomponents. For same
carbon number, paraffins have lowest Tc and Pc, and highest acentric factor among these three groups.
Figure 7-1 presents the comparison of critical parameters and resulting vapor pressure curves for
hexadecane (n-C16) and pyrene (C1eH10). Vapor pressure curve for pyrene is below the vapor pressure
curve for n-C1s and extended to higher Tc and Pc in P-T space. As a result, among the P-T envelopes
for mixtures of same carbon number paraffin, napthene, and aromatic component with a given light
component, paraffin’s P-T envelope is innermost. This is shown in Figure 7-2, which presents the P-T
envelopes for 99.99% binary mixture of methane with nonane (n-Co), propyl cyclo hexane (CoH1s), and
2-propyl benzene (CoH12). The P-T envelope for n-Co is inside the P-T envelopes for CoH1s and CoH12.
The analysis presented here supports assumption that lower limits for Tc and Pc for pseudocomponents
are determined by its n-alkane equivalent values in fluid characterization. Then, step iii systematically
adjusts the properties of all pseudocomponents in the direction of increasing aromaticity from n-alkanes
(i.e., zero aromaticity). In the initial stage of this research, the validity of this methodology for three
phases was confirmed with the data for ternary mixtures of methane, ethane, and tetradecylbenzene
(C20H34) given in Jangkamolkulchal and Luks (1989).

In step ii of Kumar and Okuno (2013, 2015), the n-alkane properties were taken from Kumar and
Okuno (2012), in which Tc¢, Pc, and w of n-alkanes were optimized for the PR EOS to accurately predict
vapor pressure and liquid density. Hence, the PR EOS was initially calibrated with vapor pressure and
liquid density of n-alkanes prior to characterizing reservoir fluid. For the current research, however, step
i requires that the PR EOS be calibrated with binary three-phase behavior. To this end, binary
interaction parameters (BIPs) have been optimized for the PR EOS to represent binary three-phase data
taken from the literature, such as those for CO2, methane, ethane, and propane with heavier n-alkanes.
The three-phase data mainly included upper critical end point (UCEP) for binary mixtures. At UCEP,
solvent rich liquid phase becomes critical with the vapor phase in presence of oil rich liquid phase. The
UCEP for binary mixtures of CO2, methane, ethane, and propane with heavier n-alkanes were matched
adjusting only BIP; physical critical parameters for components not changed. Appendix A presents the
details of optimization process and development of correlations for BIPs. Appendix B presents the
predictive capability of optimized BIPs for three-phase prediction for binary mixtures of CO2, methane,
ethane, and propane with heavier n-alkanes.

It was observed that UCEP match for pairs like ethane and n-C1s could not be achieved by BIP

adjustment when physical critical parameters for n-C1s was replaced with its optimized critical
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parameters (Kumar and Okuno 2012). Figure 7-3 shows the predicted temperatures at UCEP at
different BIPs for ethane and n-C+s pair. The UCEP for this binary mixture is 312.45 K and 55.31 bars
(Peters et al. 1986). The best match that could be achieved with BIP adjustment was 307.03 K and
50.21 bars at BIP of 0.01. Figure 7-4 shows the trend of reduced Gibbs free energy for ethane and n-
C1s mixture at UCEP temperature and pressure. The dotted curve is prediction with physical critical
parameters for n-C1s and optimized BIP (that matched UCEP); this curve is taken as reference. Solid
curves are for optimized critical parameters (Kumar and Okuno 2012) for n-C1s and different BIPs
(shown on the curves). Optimized critical parameters could not match the desired trend of reduced
Gibbs free energy for UCEP match i.e. the trend of reference curve. Hence, the BIP was optimized by

using physical critical parameters from Gao et al. (2001) correlations (Equation 7-1 and 7-2).

1
Tep = [6573.87 — 4680.77exp(—0.1831(CN %6667 — 2,08))|*276 (7-1)

Pep = 42.44exp[—0.3757(CN584 — 1.8672)], (7-2)

for n-alkanes (or paraffins) heavier than hexane. Gao et al. (2001) also presented a correlation for w

for n-alkanes (Equation 7-3),

1

wp = [3.212102 — 2.937628exp(—0.04699(CN 6667 — 2,08))]o65 (7-3)

As discussed in Appendix A, however, the correlation presented in Equation 7-4 has been found to
perform better for the BIP optimization in this research. The deviation of Equation 7-4 from Equation 7-
3 is minor as presented in Appendix A (see Figure 7-A3).

14.8147

wp = 0.217066 + 5.27405CN_( CN ) (7-4)

Equations 7-1 and 7-2 are used for the initialization of pseudocomponents in step ii. The initial values
for w are all zero for pseudocomponents.

A comparative study is done on the predictive capability of two sets of EOS parameters (1) optimized
BIP and physical critical parameters (Gao et al. 2001), (2) zero BIP and optimized critical parameters
(Kumar and Okuno 2012). Predicted pressure-composition (P-x) diagrams for binary and quaternary
mixture of n-alkanes from these two sets of EOS parameters are compared with experimental data.
Figures 7-5 and 7-6 present comparison for P-x diagrams for ethane with n-C1s at 363.15 K and with
n-C24 at 340 K respectively. Figure 7-7 presents similar comparison for hexane mixture with n-Css at
621.8 K, however, due to unavailability of any optimized BIP for n-Cs-n-Cse pair, BIP is kept zero for first
set of EOS parameter also. Figure 7-8 presents comparison of predicted P-T phase envelopes for
quaternary mixture of n-alkanes with data. Though first set of EOS parameter satisfactorily matched
the P-x diagrams in Figure 7-5 and 7-6, its predictions in Figure 7-7 and 7-8 deviated from data
significantly. Attempts were made to improve these predictions by adjusting BIPs. However, such
attempts did not show significant improvement. It is observed that BIPs (with physical critical

parameters) have limited potential to improve two-phase behavior by their adjustment, whereas
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optimized critical parameters (with zero BIPs) have shown consistently better two-phase predictions.
This indicates that critical parameter adjustment is important for two-phase behavior; however, three-
phase behavior is sensitive to BIPs. In this research, use of optimized BIPs whereas ensures reliable
three-phase behavior, critical parameter adjustment ensures reliable two-phase behavior. However,
such observations are limited to two-parameter EOS like PR EOS.

In step iii, the properties for all pseudocomponents are systematically perturbed from the initial values
until the saturation pressure at the reservoir temperature is matched. They are perturbed monotonically
in the increasing direction. The monotonic, systematic increases of Tc, Pc, and w require certain trends
with respect to CN. For this purpose, higher values have been empirically determined for Tc, Pc, and

w for a non-zero aromaticity as presented in Equations 7-5, 7-6, and 7-7.

Tey = 5339.14 — 4850.41exp(~0-001650727669CN"422) (7-5)
Poy = 48.0823 — 21.7852exp(~11:372937CN77326%3%) (7-6)
wy = 0.026547(0.985567°N) (CN1295419) (7-7)

These correlations are determined on the basis of phase behavior data for a wide range of fluid types,
such as gas condensate, volatile oil, and heavy oil, in order to cover a wide CN range. The data used
include constant volume depletion (CVD), slim-tube minimum miscibility pressure (MMP), and swelling
test. Equations 7-5 to 7-7 are empirical within this research, although they have been confirmed
quantitatively reasonable by comparing with measured Tc, Pc, and w for aromatics given in Yaws (2010)
and Nikitin and Popov (2015) as shown in Figure 7-9 and 7-10.

BIPs are not adjusted in step iii. As given in Appendix A, correlations presented in Equations 7-8 to

7-11 have been developed for BIPs for CO2, methane, ethane, and propane:

Kco, = (—24.7255 + 0.1412CN?7%13) /(663.288 + CN?7213) (7-8)
Kmethane = 0.0428 + 0.0009CN (7-9)

Kethane = 0.0405 + 0.00011CN (7-10)
Kpropane = 0.07419 — 0.04326exp(~0-00013754CN>1805%) 7-11)

for CN > 6. Extrapolation of the BIPs for methane, ethane, and propane has yielded the following

correlations (Equations 7-12 and 7-13) for butane and pentane:

1.0
Kbutane = 011 (0.0001334262N ) CN~00324628 (7-12)
(7-13)

_15.5385)

Kpentane = 0.13exp( CN

The developed algorithm is presented below.
Step 1. Compositional characterization
The plus fraction for the fluid of interest is split into the user-specified number (n) of

pseudocomponents with a chi-squared distribution (Quifiones-Cisneros et al. 2004).
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Step 2. Deviation in saturation pressure
The initial deviation in saturation pressure is calculated as the ratio of the measured saturation
pressure (Ps) to the calculated saturation pressure (Ps eos) by use of the PR EOS with
equations 7-1, 7-2, and 7-4. The ratio is denoted as B.

Step 3. Incremental values for Tc, Pc, and w
Incremental values for Tc, Pc, and w during the regression are determined using Equations 7-

14, 7-15, and 7-16 respectively.

ATc,i = [Tch, — Teril/(BN) (7-14)
APc;i = [Pch,i — Pcp,]/N (7-15)
Awi = wWH,/N, (7-16)

fori=1, 2, ..., n, where N is an integer to be specified by the user (e.g., N = 10* as used in this
research). Set the iteration-step index k to be one.

Step 4. Update of Tc, Pc, and w using Equations 7-17, 7-18, and 7-19 respectively.

Tci=Tcp; + kATc; (7-17)
Pc,i = Pcr,i + kKAPc; (7-18)
wi = KAwi (7-19)

Step 5. Convergence test
Calculate d = (Ps — Ps eos)/Ps. Go to step 6 if |d] < dtoL (e.g., dtoL = 104). Otherwise, go to
step 4 after increasing k by one; k =k + 1.

Step 6. Volume shift
Volume shift parameters are adjusted to match liquid density data, as required.

Critical parameters and acentric factors are perturbed as monotonic functions of the iteration-step
index, k. It has been consistently observed in this research that the calculated Ps increases with
increasing k during the iteration. Figure 7-11a depicts that vapor pressure curves for all
pseudocomponents change systematically and monotonically as the iteration proceeds for an example
case of light oil. Figure 7-11b shows the two-phase envelopes corresponding to the three sets of vapor
pressure curves given in Figure 7-11a. Figure 7-11c shows the monotonic change in saturation
pressure with iteration parameter (k).

Volume shift is performed to match liquid density data only after the model is set in terms of
compositional phase behavior. This is because a change in compositional behavior prediction affects
volumetric predictions, as discussed in detail in Kumar and Okuno (2013). For fluid characterization
with a PnA-based approach, density data for a liquid phase that is equilibrium with the V phase are more
important than those from a single-phase fluid or equilibrium V phase (Kumar and Okuno 2015). This
was confirmed also in this research. Hence, it is recommended that step 6 use density data from an

equilibrium liquid phase.
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7.3. Case Studies

The algorithm is applied to 90 reservoir fluids in this section, which are gas condensates, volatile oils,
heavy oils, and bitumens. The fluids tested are characterized as 12 components, which consist of N2,
COz2, C4, C2, Cs, C4, Cs, Cs, and four pseudocomponents, by use of the PR EOS with the van der Waals
mixing rules. The regression algorithm uses only Ps and saturated liquid density data, as shown in the
previous section. The EOS models for the 90 fluids developed with new algorithm are listed in Appendix
7-C. For each fluid, two separate tables are presented, one contains composition, molecular weight, Tc,
Pc, w, volume shift parameters for components, and other table contains the BIP matrix.

Tc, Pc, and w for well-defined pure components are taken from Yaws (2010), and they are not
adjusted. Table 7-1 gives the BIPs used in this section. Note that BIPs are not adjusted in the
regression algorithm developed. However, it is possible to adjust them individually when specific data
are to be matched. Tc, Pc, and w for pseudocomponents are adjusted to match Ps. Volume shift
parameters are adjusted to match saturated liquid density data at the final step of the algorithm. Then,
the quality of prediction from the resulting EOS model is demonstrated with other types of data, such as

three hydrocarbon phases, CVD, constant mass expansion (CME), and MMP for V-L.
7.3.1. L-V Phase Behavior

This subsection shows results for two-phase predictions. Table 7-2 lists 55 light fluids for which CVD
and CME data are available in the literature. In the table, fluids 1 to 48 are gas condensates and the
others are volatile oils. The fifth, sixth and seventh columns show the value of 3, the number of iterations
(i.e., k in the previous section) and the degree of freedom in the chi-squired distribution, respectively.
The eighth column indicates CVD data as data type 1 and CME as data type 2. This column also
indicates the limiting value from measured data. The right-most column gives the average absolute
deviation (AAD) for the data type indicated for each fluid.

Before performing step 6, the AAD for saturated liquid densities for all the fluids in Table 7-2 was
less than 2%, indicating the accuracy of the PR EQOS for light fluids. They were eventually matched in
step 6.

The results given in Table 7-2 show that the new algorithm is capable of predicting CVD and CME
liquid saturations well. The deviation tends to be high for near-critical fluids (No. 6, 7, 8, 12, 13, 14, 36,
38, 48, 51, and 54). This is because liquid saturation is sensitive to pressure near saturation pressure
for those fluids. The AADs for 42 CVD and 13 CME liquid saturation predictions are 1.5 and 2.5%
respectively. Figure 7-12 shows the CME liquid saturation for Fluid 36, which gives the highest AAD in
Table 7-2. Fluid 54 is also a near-critical fluid. However, Figure 7-13 shows satisfactory predictions of
CVD liquid saturations for this near-critical fluid. Pedersen and Christensen (2007) presents an SRK
EOS model (Pedersen and Christensen 2007) with 6 pseudocomponents model that was developed to
match the CVD and saturation pressure data. A comparison of predicted P-x diagram at 424.25 K with
this EOS model (injection gas: 0.005 N2, 0.050 COz, 0.582 CHa4, 0.171 C2He, 0.120 CsHs, 0.050 C4H1o,
0.017 CsH12, and 0.005 CsH14) shows good match with that predicted with the new algorithm. The MMPs
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predicted at 424.25 K are 251.32 bars and 245.71 bars respectively for the new algorithm and SRK EOS
model. This comparison further validates the reliability of new algorithm for phase behavior predictions
at P-T-x conditions different from data used in characterization.

Table 7-3 shows reservoir oils for which MMP data from slim-tube tests are available in the literature.
MMP prediction serves as a severe test for fluid characterization since it requires accurate prediction of
compositional phase behavior away from the original oil composition in multicomponent composition
space. Thermodynamic MMPs are calculated with the method of characteristics within PVTsim (Calsep
2012), and compared with data. The calculated MMPs likely correspond to the V-L miscibility,
considering their reservoir temperatures and that PVTsim did not indicate any difficulty associated with
three phases in the calculations. The average absolute relative deviation (AARD) for all 26 MMP
predictions is 4.57%. Some level of deviation of thermodynamic MMP from slim-tube MMP is inevitable
due to the presence of dispersion in real displacement of oil by gas. However, the present algorithm
shows improved MMP predictions, as the AARDs with earlier characterizations were 6.7% (Kumar and
Okuno 2013) and 6.4% (Kumar and Okuno 2015).

The algorithm was also tested in terms of other types of phase behavior. Table 7-4 lists heavy oils
for which swelling test data, GOR, and V-L boundary in P-T space are available in the literature. Oil 1
in Table 7-4 is West Sak oil (Sharma 1990), for which the AARD in GOR prediction is 7%.

Swelling test data are available for Qil 2 with a gas mixture of 14% CO2, 17% methane, 60% ethane,
4% propane, 3% butane, and 2% pentane (Krejbjerg and Pedersen 2006). The saturation pressures for
different gas-oil mixing ratios were predicted satisfactorily as shown in Figure 7-14. The AARD for the
predictions is 3.4%. Pedersen et al. (2004) showed GOR data for Oil 3, for which the PR-EOS model
with the current characterization algorithm gives an AARD of 4.42%. As shown in Figure 7-15, the GOR
predictions are in good agreement with the data.

PVT data for Lloydminster heavy oil were presented in Li et al. (2013a) (oil 4 in Table 7-4). The
dead oil composition was characterized with four pseudocomponents on the basis of the chi-squired
distribution with a degree of freedom of 9. The saturation pressure of 56.64 bars at 347.67 K for feed
#5 (31.7% COz2, 34.3% butane, and 0.34% heavy oil) was used for characterization with the new
algorithm. The characterized oil was then used to predict the saturation pressure for feed #4 (38.6%
COz2, 36.2% propane, and 25.2% heavy oil). Figure 7-16 shows that the predictions are close to the
reported data, yielding an AARD of 5.60% for the seven data points.

7.3.2. L-L-V Phase Behavior

In this subsection, the new algorithm is tested by comparing three-phase behavior predictions with
experimental data. Note that the algorithm matches only Ps at the oil composition as far as
compositional phase behavior is concerned; that is, no parameter is adjusted for matching three-phase
data for oil/solvent mixtures to be presented here.

Apart from the three-phase predictions for fluids with PR EOS model developed with the new
algorithm and optimized BIP, this subsection, also present predictions when fluids are characterized
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with the new algorithm but with zero hydrocarbon-hydrocarbon BIPs. In this case, all hydrocarbon-
hydrocarbon BIPs are set to zero, and the BIP of CO2 with pseudocomponents are set to 0.1 (Peng and
Robinson 1978). No other change in the BIP matrix shown in Table 7-1 is made. Predictions with zero
BIP case in the figures are shown as “Prediction with zero BIP”. The objective of this additional
demonstration is to show the importance of non-zero optimized BIPs for reliable three-phase predictions.

Three-phase data are available for oils 1, 4, 5, and 6 from Table 7-4. Three phases were reported
for the mixture of 20% oil 1 and 80% CO:2 at 299.81 K. Figure 7-17 compares predicted saturations for
the L1 (Figure 7-17a) and L2 (Figure 7-7b) phases with experimental data. The AARD for the Li-phase
saturations is 5.61%. With the new algorithm, the PR EOS correctly predicts the presence of three
phases for this mixture; i.e., they were experimentally observed between 77.20 and 83.75 bars, and
predicted between 76.46 and 82.47 bars. Similar prediction with zero hydrocarbon-hydrocarbon BIPs
shows the presence of three-phases in comparatively small pressure range (79.21- 83.0 bars). Figure
7-17b also shows the three-phase prediction from Aghbash and Ahmadi (2012) EOS model. Ranges
of pressure for three-phase predicted from new algorithm and Aghbash and Ahmadi are nearly same.
A comparison of P-x diagrams at 370 K with equimolar mixture of methane, ethane, propane, and butane
as injection gas predicted with EOS models from new algorithm and that from Aghbash and Ahmadi
(2012) is presented in Figure 7-18. The two models show significantly different predictions for P-x
diagrams. The possible reason for this difference is non-zero BIPs used for pseudocomponent-
pseudocomponent pairs by Aghabsh and Ahmadi; these BIPs are zero for the new algorithm. The
MMPs with this injection gas at 370 K are 72.77 bars, and 68.66 bars respectively for the new algorithm
and Aghbash and Ahmadi. Although, MMP predictions which depend on the composition paths, are
nearly same, significantly different P-x diagrams indicate to careful use of non-zero BIPs for
pseudocomponent — pseudocomponent pairs.

Figure 7-19 shows the comparison of predicted P-T diagram with SRK EOS from Krejbjerg and
Pedersen (2006) with the prediction from new algorithm for oil 2 in Table 7-4. Both the predictions match
significantly except for high temperature two-phase envelope. Figure 7-20 shows phase boundaries
between two and three phases in P-T space for feeds 14 (Figure 7-20a) and 15 (Figure 7-20b) with oil
4 in Table 7-4. Feed 14 is 23.6% propane, 67.2% CO2, and 9.2% oil, and feed 15 is 11.8% butane,
83.2% COgz, and 5.0% oil. The results show that the PR-EOS models with the new characterization
algorithm give satisfactory predictions for these complex mixtures. This also validates the reliability of
the BIP correlation (equation 7-12) for butane, which was developed by extrapolation of BIP values for
methane, ethane, and propane. However, the predictions with zero hydrocarbon-hydrocarbon BIPs
show narrow three-phase area close to LL-LLV boundary.

Qil 5 given in Table 7-4 is Athabasca bitumen, for which Badamchi-Zadeh et al. (2009) presented
three-phase data. The dead-oil composition was characterized with four pseudocomponents on the
basis of the chi-squired distribution with a degree of freedom of 12. The algorithm was applied with the

saturation pressure, 10.82 bars, reported for a mixture of 59.3% bitumen with 40.7% propane at 333.15
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K. The resulting fluid model was then used to predict three-phase behavior for the mixture of 51.0%
CO2, 34.7% propane, and 14.3% bitumen. Figure 7-21 shows satisfactory predictions of phase
boundaries in spite of the large amount of CO:2 present in the predicted mixture. Prediction from zero
hydrocarbon-hydrocarbon BIPs shows the presence of larger three-phase region.

Oil 6 given in 7-4 is Peace River bitumen. The molecular weight (MW) used in the characterization
is 527.5 g/mol according to Mehrotra and Svrcek (1985). This bitumen was characterized using the
saturation pressure, 50.50 bars, reported by Mehrotra and Svrcek (1985) for a mixture of 21.83%
methane and 78.17% bitumen at 326.65 K. The resulting fluid model was then used to predict three
phases in P-T space for another mixture, 89.94% pentane and 10.06% bitumen. The predicted three-
phase behavior was compared with three-phase behavior for this mixture composition simulated by
Agrawal (2012). Figure 7-22 presents that the predicted three-phase region is narrower than in Agrawal
(2012) in P-T space. The difference is inevitable due to the lack of comprehensive data; i.e., the bitumen
MW in the characterization by Agrawal (2012) was 580 g/mol. Nevertheless, the successful prediction
of three phases indicates the validity of the BIP correlation (equation 7-13) for pentane, which was
developed by extrapolation of BIP values for methane, ethane, and propane. Prediction with zero
hydrocarbon— hydrocarbon BIPs case did not show presence of three-phase region.

Table 7-5 lists reservoir oils for which three phases with CO2 were reported in the literature. Results
show that the new algorithm gives reasonable predictions for these fluids. As an example, Figure 7-23
presents phase boundaries in P-x space for oil C2 with CO:z at 313.71 K, for which the data were taken
from Turek et al. (1988). Although the EOS gives higher immiscibility than the data in this diagram, their
agreement is remarkable considering that only Ps and liquid density data at the oil composition were
used in the characterization. Also, the regression was conducted only for Tc, Pc, and w of
pseudocomponents. That is, the effect of oil aromaticity on the interaction between oil and CO2 was not
explicitly considered in the algorithm. The prediction from zero hydrocarbon-hydrocarbon BIPs for this
reservoir oil did not show presence of three-phase. All the fluids in Table 7-5 were characterized with
the new algorithm and zero hydrocarbon-hydrocarbon BIPs. Out of 9 oils, the presence of three-phase
was shown for only three oils (oil nos. 6, 8, and 9). Figure 7-24 presents one such example for Oil G
(Table 7-5) where zero hydrocarbon-hydrocarbon BIPs could predict the three phase successfully.
However, predicted three phase area is detached from the single-phase boundary.

The predictions from EOS models developed using new algorithm with zero hydrocarbon-
hydrocarbon BIPs either failed to show the presence of three phases or predicted three phases were
significantly deviated from the data in P-T-x space. This shows that non-zero hydrocarbon-hydrocarbon
BIPs are required to model the interaction among PR EOS attraction parameters for components for
multiphase behavior. Optimized BIPs, on the other hand, reliably predicted the presence of three-
phases for all fluids with satisfactory accuracy.

Figures 7-25 to 7-28 show the comparison of prediction of P-x diagrams from PR EOS models

developed by Khan (1992) for mixture of CO2 and oil 5, 6, 7, and 8 with the predictions from new
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algorithm. Khan (1992) adjusted the BIPs to match the three-phase region on the P-x diagrams. Turek
et al. (1988) observed that three-phase boundaries are difficult to determine, and reported boundaries
may be reliable within +1.7 bars. The new algorithm predicts the three-phase region correctly only by
matching saturation pressure in all cases. This indicates to reliability of the regression algorithm and
the optimized BIPs.

The analysis of multiphase behavior predictions in this research has indicated that the simple
algorithm is reliable even with the limited PVT data used (Ps and liquid density). However, further
adjustment of parameters may be required if additional phase behavior data are to be matched. Obvious
candidates are BIPs for solvents with pseudocomponents. In particular, CO2 BIPs may be adjusted to
accommodate the effects of oil aromaticity and reservoir temperature on compositional phase behavior
for COz2 flooding. In addition, the parameters, N and B, in the algorithm can be flexible; e.g., N can be

different for Tc, Pc, and w.

7.4. Conclusions

A new algorithm was presented for characterization of multiphase behavior for solvent injection

simulation. The PR EOS was used with the van der Waals mixing rules. The developed algorithm

requires only the saturation pressure and liquid density for a given composition and reservoir
temperature, in its simplest form. Case studies were conducted for 90 reservoir fluids and their mixtures
with solvents for up to three hydrocarbon phases. Conclusions are as follows:

o The algorithm with the BIPs developed in this research enables the PR EOS to give reliable
predictions of multiphase behavior for reservoir fluids. The PnA method was found to be applicable
for multiphase characterization; that is, the effect of aromaticity on phase behavior can be modeled
through Tc, Pc, and w of pseudocomponents as monotonic functions of a single parameter in the
regression algorithm developed.

o Results show that positive BIPs are required for the PR EOS to properly represent three-
hydrocarbon-phase behavior of reservoir fluids. The fundamental reason comes from the necessity
for accurate predictions of binary three-phase curves. This is in contrast to the usage of zero BIPs
for hydrocarbon pairs that has been recommended for simpler two-phase characterization in the

literature.
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7.5.
AARD

AAD

BIP
CEP
CME
CN
CVD
EOS
LCEP
L-V
MMP
PR EOS
PT

P

ST
UCEP

Greek Symbols:

Roman Symbols:
A

k

K
Ls-L2-V
L-V

n

Pc

Pcp
PcH

. . g 1
. Average absolute relative deviation = ﬁzjl‘il

. Average absolute deviation

Nomenclature

prediction—data
Data j

= ﬁZjNillprediction — datal;

. Binary interaction parameter

. Critical endpoint

. Constant mass expansion

: Caron number

: Constant volume depletion

: Equation of state

: Lower critical end point

. Liquid (L)-vapor (V) phase equilibrium

: Minimum miscibility pressure

: Peng and Robinson (1976, 1978) equation of state
. Pressure-temperature

: Degree of freedom in the chi-squared distribution
: Swelling test

: Upper critical endpoint

. Ps/Ps eos; Ps Eos is calculated assuming pseudocomponents as n-alkanes.
: Deviation of calculated saturation pressure from experimental value

: Tolerance set for deviation (d)

: Acentric factor

. Acentric factor calculated from Eq. 7-4
. Acentric factor calculated from Eq. 7-3

. Acentric factor calculated from Eq. 7-7

: Aromatics

: Number of iterations in the algorithm

: Binary interaction parameters (Eqs. 7-8 to 7-13)
: Three hydrocarbon phases (L1: oleic, L2: solvent-rich liquid, and V: Gaseous)
: Liquid (L)-vapor (V) phase equilibrium

: Number of pseudocomponents

. Critical pressure

. Critical pressure calculated from Eq. 7-2

. Critical pressure calculated from Eq. 7-6
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Ps : Experimental saturation pressure

Ps_eos : Calculated saturation pressure with the PR EOS
Tc . Critical temperature

Tep . Critical temperature calculated from Eq.7-1

Ten : Critical temperature calculated from Eq. 7-5
Subscript:

i . Index for pseudocomponent
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Table 7-1. Binary interaction parameters used with the new algorithm. Numbers inside brackets
indicate the corresponding equations in this paper.

N2 CO;, CH; C, Cs Cs Cs Co PC-1 PC2 PC3 PC4
N,  0.0000

CO, 0.0000 0.0000

CHs; 0.1000 0.1000  0.0000

C. 0.1000 0.1450  0.0420 0.0000

Cs 01000 Katoetal” 0.0420 0.0400 0.0000

C, 0.1000 Katoetal* 0.0420 0.0400 0.0300 0.0000

Cs 0.1000 Katoetal* 0.0420 0.0400 0.0300 0.0116 0.0000

Cs 01000 Katoetal” 0.0420 0.0400 0.0300 0.0155 0.0058 0.0000

PC-1 0.1300 (7-8) (7-9)  (7-10) (7-11) (7-12) (7-13) 0.0000 0.0000

PC2 0.1300 (7-8) (7-9)  (7-10) (7-11) (7-12) (7-13) 0.0000 0.0000  0.0000

PC-4 0.1300 (7-8) (7-9)  (7-10) (7-11) (7-12) (7-13) 0.0000 0.0000  0.0000 0.0000
PC-4 0.1300 (7-8) (79)  (7-10) (7-11) (7-12) (7-13) 0.0000 0.0000  0.0000 0.0000 0.0000

# Equations 11, 12, 13, and 14 of Kato et al. (1981)
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Table 7-2. Characterization results for gas condensates and volatile oils with the new algorithm.
CVD or CCE data are available for these fluids. Parameters B and k are defined in the algorithm
section. Parameter p indicates the degree of freedom in the chi-squired distribution.

. Res. Limiting
Elg'd References l(\gvrr\:/mol) Temp. B k p Data Value AAD*
' (K) (Type®)
1 Al-Meshari (2004), Fluid-3 31.53 424.82 1.376 4730 20 11.70(1) 0.58
2 Al-Meshari (2004), Fluid-4 31.44 403.15 1.323 4687 2.0 13.00 (1) 1.25
3 Al-Meshari (2004), Fluid-5 32.41 382.59 1.271 4764 21 23.36 (2) 2.38
4 Al-Meshari (2004), Fluid-7 36.62 397.59 1.493 5420 2.6 25.00 (1) 2.49
5 Al-Meshari (2004), Fluid-8 40.77 424.82 1.309 4204 2.2 30.40 (1) 4.73
6% Al-Meshari (2004), Fluid-10 39.23 42259 1.135 3879 3.3 33.60(1) 0.63
7# Al-Meshari (2004), Fluid-11 41.71 424.82 1.211 4348 3.0 32.20(1) 2.94
8% Coats and Smart (1986), Gas-5 30.29 403.70 1.241 4593 2.0 10.40(2) 0.59
9 Coats and Smart (1986), Gas-2 44.92 360.92 2.334 4399 4.0 53.06(1) 1.40
10 Guo and Du (1989), Sample-7 25.53 406.45 1.310 4800 2.0 5.82 (1) 0.34
11 Metcalfe and Raby (1986) 35.70 374.82 1.230 4075 2.2 23.89(1) 2.96
12+ Coats (1985), Recombined 44.40 435.93 1.042 4340 4.0 32.00(2) 2.34
13+ Coats (1985), Bottom hole 44.40 435.93 1.085 4155 4.0 33.49(2) 4.20
14% McVay (1994), Gas B 40.58 387.59 1.184 3785 2.0 40.90 (1) 1.18
15 Danesh (1998) 27.29 394.00 1.443 4864 2.0 11.32(1) 1.91
16 Pedersen and Christensen (2007) 29.14 428.15 1.453 5566 2.0 11.89(2) 2.46
17 Hosein et al. (2013), PL-1 23.64 358.78 1.270 4591 2.0 8.15(1) 1.12
18 Hosein et al. (2013), PL-2 22.10 378.15 1.744 6575 2.0 5.08(1) 0.49
19 Hosein et al. (2013), PL-3 21.55 357.59 1.120 4429 2.0 4.00(1) 0.31
20 Hosein et al. (2013), PL-4 20.62 364.22 1.490 5949 2.0 3.73(1) 0.28
21 Hosein et al. (2013), PL-5 20.30 355.37 1.158 4806 2.0 3.79(1) 0.30
22 Hosein et al. (2013), PL-6 19.75 367.59 1.769 7597 2.0 1.89(1) 0.07
23 Kenyon and Behie (1987) 32.61 366.48 1.025 3956 2.5 19.90 (1) 2.61
24 Moore (1989) 24 .45 365.37 1.476 7412 20 217(1) 0.24
25 Whitson and Torp (1983), NS-1 35.04 410.43 1.390 4208 20 21.60(1) 0.88
26 Whitson and Brulé (2000), GOCW-7 33.62 358.70 1.304 5690 2.5 23.90 (1) 2.82
27 Drohm et al. (1988), Example-2 32.65 436.70 1.475 4643 2.0 15.63(1) 2.61
28 Drohm et al. (1988), Example-3 26.26 393.20 1.558 6856 2.0 4.75(1) 0.70
29 Drohm et al. (1988), Example-4 28.34 377.60 1.443 5962 2.1 11.84 (1) 1.38
30 Drohm et al. (1988), Example-5 21.27 377.60 1.868 8865 2.0 1.69(1) 0.10
31 Akpabio et al. (2014) 26.35 377.04 1.550 5825 2.0 10.53(1) 0.45
32 Pedersen et al. (1989)" 26.98 392.10 1.694 7048 21 5.72(1) 0.78

33 Vogel and Yarborough (1980), Gas-1©  36.03 381.00 1.105 3746 2.2 2585(2) 1.53
34 Vogel and Yarborough (1980), Gas-2°  30.75 381.00 1.194 4229 21 979(2) 1.64
35 Vogel and Yarborough (1980), Gas-3°  23.73 333.00 1197 6351 2.1 340(2)  0.60

36+ Whitaker and Kim (1993) 39.34 366.48 1.218 3982 22 4740(2) 7.94
37 Kilgren (1966) 36.52 399.82 1.689 3321 21 3999(2) 553
38+ Subero (2009) 40.03 377.04 1.053 4345 21 3890(1) 263
39 Fawumi (1999) 34.04 42259 1.226 4205 21 1716 (1) 1.97
40 Al-Subai (2001), Well-A 32.64 420.93 1.254 4296 2.6 14.34 (1) 1.66
41 Al-Subai (2001), Well-B 42.44 424.82 1.156 3759 2.6 32.02(1) 291
42 Al-Subai (2001), Well-D 34.50 424.82 1.232 4225 21 1717(1) 231
43 Al-Subai (2001), Well-E 23.03 412.59 1.910 7907 21 218(1) 0.28
44 Jacoby et al. (1959) 32.76 404.82 1.227 4110 21 16.10(2) 0.46
45 Renner et al. (1989) 35.69 374.82 1.227 4058 21 25.02(2) 0.38
46 Spivak (1971) 27.13 352.59 1.063 4408 21 1268 (1) 1.32
47 Firoozabadi et al. 1978 23.83 355.65 1.143 4940 2.0 4.70(1) 0.54
48* Gajda 2014 42.94 364.15 1.530 4476 2.0 49.50(1) 2.20
49 Al-Meshari (2004), Fluid-12 46.07 354.82 1.519 4039 23 38.20(1) 1.80
50 Al-Meshari (2004), Fluid-16 59.63 425.93 1.342 3507 2.5 3530(1) 1.28
51* McVay (1994), Oil A 50.93 408.70 1.357 4335 25 33.30(1) 2.36
52 McVay (1994), Oil B 57.50 393.70 1.332 4027 3.1 49.50 (1) 0.91
53 Jacoby and Yarborough (1967) 54.32 346.48 1.343 4201 2.8 24.29(2) 1.94
54* Pedersen et al. (1989) 47.84 42425 1.357 3719 23 4220(1) 457
55 Reudelhuber and Hinds (1957) 42.55 374.82 1.152 3548 2.3  34.50 (1) 1.57

# (1) is CVD liquid saturations (%), (2) is CCE liquid saturations (%).

¥ Deviation (AAD) is the summation of |experimental value — predicted value| divided by the number of data points.

* Near critical gas condensates.

* Density data for gas condensates no. 32-35, 37, and 38 are not available. Density matching for these fluids has not been
done.
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Table 7-3. Characterization results for oils for which slim-tube MMP data are available.
Parameters B and k are defined in the algorithm section.
Parameter p indicates the degree of freedom in the chi-squired distribution.

MW Res. % AARD
Oil No. References /mol) Temp. B k p MMP
(gm (K) Prediction

1 Jaubert et al. (2002), F1 135.24 37485 1.329 3413 4.5 2.76
2 Jaubert et al. (2002), F2 136.25 372.05 1.528 4126 47 13.19
3 Jaubert et al. (2002), F3 82.41 387.35 1.438 4050 6.3 0.91
4 Jaubert et al. (2002), F4 63.17 388.20 1.387 3883 3.0 3.17
5 Jaubert et al. (2002), F5 125.82 394.25 1.523 4073 4.5 2.29
6 Jaubert et al. (2002), F6 96.25 383.15 1.324 3731 4.2 3.27
7 Jaubert et al. (2002), F7 96.19 393.15 1.318 4191 4.9 3.17
8 Jaubert et al. (2002), F11 82.55 373.75 1.401 3947 3.8 6.47
9 Ekundayo (2012) 86.57 40259 1.334 4152 4.6 0.94
10 Haier (1997)

Injection Gas (System-1)¥ 97.0 368.15 1.551 4165 4.4 12.35

Injection Gas (System-2)¥ 97.0 368.15 1.551 4165 4.4 6.03

Injection Gas (System-3)¥ 97.0 368.15 1.551 4165 4.4 6.70

Injection Gas (System-4)¥ 97.0 368.15 1.551 4165 4.4 8.53
11 Graue and Zana (1981)* 177.0 34426 1.493 4874 7.7 7.38

Graue and Zana (1981)* 177.0 34426 1.493 4874 7.7 14.14
12 Negahban et al. 2010 101.90 394.00 1.279 3822 4.8 1.96
13 Firoozabadi and Aziz 1986, XA 51.58 44426 1.288 3795 3.1 0.46
14 Firoozabadi and Aziz 1986, XB 67.33 366.48 1.516 4236 34 1.45
15 Firoozabadi and Aziz 1986, XC 86.25 380.37 1.764 4087 3.2 0.54
16 Firoozabadi and Aziz 1986, XD 89.07 423.71 1.647 3969 3.3 3.18
17 Lee and Reitzel 1982, A 78.35 376.15 1.320 4247 4.5 2.27
18 Lee and Reitzel 1982, D 79.85 37515 1.280 3829 4.1 8.64
19 Lee and Reitzel 1982, E 54.33 379.15 1.358 4193 3.2 3.40
20 Koch and Hutchinson 1958, A

Injection Gas-1 64.97 333.15 1.582 4604 3.1 7.02

Injection Gas-2 64.97 333.15 1.582 4604 3.1 1.73

Injection Gas-3 64.97 333.15 1.582 4604 3.1 2.75

Injection Gas-4 64.97 333.15 1.582 4604 3.1 3.53

*¥Oil composition (System VOA) and saturation data used were taken from Whitson and Belery (1994). Systems 1-4
indicate four different injection gases. The MMPs reported were simulated.
*#Two different injection gases have been used. Details are available in the reference.

Table 7-4. Characterization results for heavy oils and bitumens with the new algorithm.

PVT data for these oils include swelling tests, gas solubility, and phase envelopes.
Parameters 3 and k are defined in the algorithm section. Parameter p indicates the degree of
freedom in the chi-squired distribution.

QOil MW Temp. AARD Type of
No. References (gm/mol) (K) B kop % Data’
1% Sharma (1990), West Sak Oil 228.88 299.81 1.783 3350 5.7 3.45% ST

2 Krejbjerg and Pedersen (2006),Fluid-1 125.72 34715 1.705 427255 3.40 ST

3 Pedersen et al. (2004), Fluid-22 311.06 30545 2291 3587 5.5 442 GOR
4¥ Li et al. (2013a), Lloydminster Oil 482.00 34767 1.352 3166 9.0 5.60 PT
5¥ Badamchi-Zadeh et al. (2009) Athabasca Bitumen 552.00 333.15 1.060 2870 12.0 PT
6* Mehrotra and Svrcek (1985),Peace River Bitumen 527.50 326.65 1.541 2625 12.0 PT

* ST and GOR stand for Swelling Test and Gas Oil Ratio, respectively. PT stands for 2- and 3-phase Pressure-
Temperature data.

#Includes oleic phase saturation prediction for 60% and 80% CO, mixtures. For 60% CO, mixture only, it is 1.53%.
¥For Qils 1, 4, 5, and 6, three-phase P-T envelopes are shown in separate figures.
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Table 7-5. Characterization results for oils for which three phases with CO2
were reported in the literature.
Parameters B and k are defined in the algorithm section.

indicates the degree of freedom in the chi-squired distribution.

Parameter p

Oil MW Temp.

No. References (gm/mol)  (K) B k p

1 Turek et al. (1988), Oil B1 149.62 314.26  1.550 4921 6.0
2 Turek et al. (1988), Oil B2 151.22 31426 1.184 3302 6.1
3 Turek et al. (1988), Oil C2 140.30 313.71  1.454 4477 6.1
4 Turek et al. (1988), Oil D 182.42 313.71  1.551 4577 6.9
5 Khan et al. (1992), Oil BSB 148.88 313.70  1.458 4826 5.6
6 Winzinger et al. (1991), Oil NWE 138.45 301.48 1.325 4037 5.8
7 Khan et al. (1992), Oil JEMA 156.72 316.48 1.113 3092 5.2
8 Shelton and Yarborough (1977), Oil-B  161.47 307.60 1.470 4536 7.5
9 Creek and Sheffield (1993), Oil-G 113.13 307.59 1.311 4290 5.8
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Figure 7-1. Comparison of critical parameters and vapor pressure curves for hexadecane (Yaws 2010)
and pyrene (Nikitin and Popov 2015).
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Figure 7-2. Comparison of two-phase envelopes for 99.99% binary mixture of methane with nonane (n-
Co), propyl cyclo hexane (CoH1s), and 2-propyl benzene (CoH12).
Phase envelope for n-Co is innermost.
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Figure 7-4. Trend of reduced Gibbs free energy of mixing at UCEP of ethane and n-C18 mixture at

(312.45 K, 55.31 bars).
The dotted curve is predicted with physical critical parameters from Gao et al. (2001) for n-C1s, and

optimized BIP (that matched UCEP). Solid curves are for optimized critical parameters (Kumar and
Okuno 2012) for n-C1s and different BIPs (shown on the curves). Optimized critical parameters could
not match the desired trend of reduced Gibbs free energy to UCEP match.
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Figure 7-5. Comparison of P-x diagram for ethane and n-C+s mixture at 363.15 K with experimental
data (Peters et al. 1988).

Predictions are made from (1) optimized critical parameters (Kumar and Okuno 2012) and zero BIP and,
(2) physical critical parameters (Gao et al. 2001) and optimized BIP (Kumar and Okuno 2015).
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Figure 7-6. Comparison of P-x diagram for ethane and n-C24 mixture at 340 K with experimental data
(Peters et al. 1988).

Predictions are made from (1) optimized critical parameters (Kumar and Okuno 2012) and zero BIP and,
(2) physical critical parameters (Gao et al. 2001) and optimized BIP (Kumar and Okuno 2015).
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Figure 7-7. Comparison of P-x diagram for hexane and n-Css mixture at 621.8 K with experimental data
(Joyce and Gordon 2000).

Predictions are made from (1) optimized critical parameters (Kumar and Okuno 2012) and zero BIP and,
(2) physical critical parameters (Gao et al. 2001) and zero BIP.
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Figure 7-8. Comparison of P-T diagrams for quaternary mixture of methane, n-C1o, n-C1s, and n-Cso
with experimental data (Daridon et al. 1996).

Predictions are made from (1) optimized critical parameters (Kumar and Okuno 2012) and zero BIP and,
(2) physical critical parameters (Gao et al. 2001) and optimized BIP (Kumar and Okuno 2015).
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in Equation 7-5 with data (Yaws 2010, Nikitin and Popov 2015).
N-alkane equivalent values from Gao et al. (2001) for pseudocomponents form the lower boundary.
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Figure 7-10. Comparison of empirically determined higher boundary correlation for critical pressure in
Equation 7-6 with data (Yaws 2010, Nikitin and Popov 2015).
N-alkane equivalent values from Gao et al. (2001) for pseudocomponents form the lower boundary.
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Figure 7-11. Systematic changes in vapor pressure curves for pseudocomponents and P-T envelope
for fluid with changes in k parameter during regression.

Figure 7-11a shows the changes in Tc and Pc of four pseudocomponents and resulting vapor pressure
curves. Figure 7-11b shows the change in two-phase envelope for the fluid. There is systematic change
in vapor pressure curves for pseudocomponents and two-phase envelope with increasing k parameter.
Figure 7-11c shows change in saturation pressure at 372.05 K with iteration (k).
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Figure 7-12. CME liquid saturation predicted for near-critical gas condensate, Fluid 36 in Table 7-2, at
366.48 K. The molecular weight is 39.34 gram/mole.
The mole fraction and molecular weight of the heptane plus are 0.1003 and 172.0 gram/mole

respectively.
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Figure 7-13. CVD liquid saturation predicted for near-critical volatile oil, Fluid 54 in Table 7-2, at 424.25
K. The molecular weight is 47.84 gram/mole.
The mole fraction and molecular weight of the heptane plus are 0.1417 and 194.0 gram/mole

respectively. The critical point was measured at 426 K and 388 bars. The critical point predicted with
the characterized EOS is at 434.65 K and 391.43 bars.
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Figure 7-14. Saturation pressures during the swelling test for Qil 2 in Table 7-4 at 347.15 K.
The molecular weight and API gravity of the oil are 125.98 gram/mole and 28, respectively.
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Figure 7-15. Gas-oil ratio (GOR) predictions at 305.45 K for Oil 3 in Table 7-4.
The molecular weight of this oil is 311.06 gram/mole. This is highly aromatic oil, according to Pedersen

et al. (2004).
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Figure 7-16. Saturation pressures measured and predicted for two mixtures with Lloydminster heavy
oil, Oil 4 in Table 4 (Feeds #4 and #5 in Li et al., 2013a).
The AARD of the saturation pressure predictions is 6.8% for Feed #4 and 4.7% for Feed #5.
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Figure 7-17. Liquid-phase saturations for West Sak heavy oil (Oil 1 in Table 4) mixed with CO2 at 299.81
K. (a) Oleic (L1) phase. (b) Solvent-rich liquid (L2) phase.
Three phases prediction with zero BIP for hydrocarbon-hydrocarbon is also shown.
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Figure 7-19. Comparison of P-T envelope predicted with SRK EOS by Krejbjerg and Pedersen (2006)
with prediction from new algorithm for oil 2 in Table 7-4.
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Figure 7-20. Comparison of three-phase boundaries for the West Sak oil and CO2 mixture.
(a) Feed 14 of Li et al. (2013b), consisting of 23.6% propane, 67.2% CO2, and 9.2% heavy oil. (b) Feed

15 of Li et al. (2013b), consisting of 11.8% butane, 83.2% CO2, and 5.0% heavy oil. The heavy oil is
from Lloydminster (Table 7-4). Three phases prediction with zero BIP for hydrocarbon-hydrocarbon is
also shown.
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Figure 7-21. Three-phase boundaries measured and predicted for a mixture of Athabasca bitumen:
51.0% COz, 34.7% propane, and 14.3% bitumen (Badamchi-Zadeh et al. 2009).
Three phases prediction with zero BIP for hydrocarbon-hydrocarbon is also shown.
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Figure 7-22. Three-phase boundaries measured and predicted for a mixture of Peace River bitumen:
89.90% pentane and 10.10% bitumen.

The bitumen was characterized using the data from Mehrotra and Svrcek (1985).

Three-phase

boundaries simulated by Agrawal (2012) are also shown. Prediction with zero BIP for hydrocarbon-

hydrocarbon did not show p

resence of three phases.
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Figure 7-23. Comparison of the predicted P-x diagram with data for Oil C2 (Table 7-5) of Turek et al.
(1988) with CO2z at 313.71 K.
Prediction with zero BIP for hydrocarbon-hydrocarbon did not show presence of three phases.
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Figure 7-24. Comparison of the predicted P-x diagram for Oil G (Table 5) of Creek and Sheffield (1993)
with CO2 at 307.60 K.
Prediction with zero BIP for hydrocarbon-hydrocarbon shows the presence of three-phase area

detached from the single-phase boundary.
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Figure 7-25. Comparison of the predicted P-x diagram at 313.70 K from Khan 1992 EOS model with
prediction from new algorithm for oil 5 in Table 7-5.
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Figure 7-26. Comparison of the predicted P-x diagram at 301.48 K from Khan 1992 EOS model with
prediction from new algorithm for oil 6 in Table 7-5.
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Figure 7-27. Comparison of the predicted P-x diagram at 316.48 K from Khan 1992 EOS model with
prediction from new algorithm for oil 7 in Table 7-5.
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Figure 7-28. Comparison of the predicted P-x diagram at 307.60 K from Creek and Sheffield (1993)
EOS model with prediction from new algorithm for oil 9 in Table 7-5.
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Chapter 8: Summary, Conclusion and Recommendation
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8.1. Summary of Research

Basic objective of this research was to develop a characterization method for multiphase PVT simulation
applicable to a hydrocarbon system irrespective of its composition range using systematic approach and
reliable BIP. Systematic approach implies well-defined and physically justifiable initial (default) values
and search direction for EOS parameters. The approach of perturbation from n-alkane (PnA) has
essential features ensuring systematic reservoir fluid characterization; hence, this approach forms the
fundamental of the reservoir fluid characterization proposed in this research.

Fundamental of PnA approach is based on well-known systematic behavior of thermo- physical
properties of three main hydrocarbon groups of compounds i.e. paraffins, naphthenes, and aromatics.
For same carbon number components, paraffins have lowest Tc, and Pc; and highest w among the three
hydrocarbon groups of compounds. Pseudocomponents may be considered as mixture of these three
hydrocarbon groups; hence, the lowest Tc, the lowest Pc and the highest w values for a
pseudocomponent correspond to respective values estimated with assumption that pseudocomponent
is 100% paraffin. Higher Tc and Pc values and lower w values for pseudocomponents are then found
to match saturation pressure data.

The n-alkane equivalent critical parameter values are estimated in two ways corresponding to two
approaches for reservoir fluid density matching i.e. density matching either by critical parameters’
adjustment or by volume shift parameters’ adjustment. The PnA approaches for reservoir fluid
characterization presented in Chapter 3 to 6 adjust attraction and covolume parameters for density
match. Normal alkane equivalent critical parameters for pseudocomponents in these approaches are
estimated with correlations developed using optimized critical parameters and acentric factors, which
match vapor pressure and density data for n-alkanes from n-C7 to n-C100 with PR EOS; development of
these correlations is described in Chapter 2. The optimized Tc and Pc are greater than corresponding
physical values; optimized acentric factors are smaller than respective physical values. Chapter 7
presents the PnA approach for reservoir fluid characterization, where physical critical parameters from
Gao et al. (2001) are used to assign n-alkane equivalent critical parameters for pseudocomponents. In
this approach, density matching is done by adjusting temperature independent volume shift parameters
like conventional characterization methods.

This research is presented in six different papers with different objectives in line with the research
goals presented in the introduction section. Chapter 2 presents correlations to estimate critical
parameters for n-alkanes optimized for vapor pressure and density data matching with PR EOS.
Development of algorithm for reservoir fluids was at initial stage and limited to verification of perturbation
parameter being greater than the minimum value allowed. In Chapter 3, PnA method was developed
with three variables and applied to 22 oils. This chapter also compares the phase behavior predictions
from characterization with/without using volume shift to match density. Application of PnA approach in
Chapter 3 was limited to few oils; hence, the approach needed to be validated by including more fluids.

In Chapter 4, the characterization is validated with 77 reservoir fluids comprising of 31 gas condensates,
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12 volatile oils and 31 other oils. Application of the approach, particularly to light fluid types, required
modification of algorithm developed in the Chapter 3; however, the algorithm in Chapter 3 was special
case of algorithm in Chapter 4. This chapter also presented the trend of parameter y (= a/b?) with single
carbon number fractions at different aromaticity level, which is distinctive for a given range of carbon
number of components present in a reservoir fluid. This trend has been used to verify conformity of
attraction and covolume parameters for a characterized reservoir fluid to desired physical trends.

The Chapter 5 presents PnA approach for characterizing 84 reservoir fluids (47 gas condensates,
15 volatile oils, 18 oils, and 4 heavy oils) by direct perturbation of attraction and covolume parameters
maintaining characteristic trends defined by y parameter as described in Chapter 3 and 4. The
regression algorithm, which has two regression parameters, was simpler than that used in Chapter 4
and showed similar or improved phase behavior prediction including prediction for three hydrocarbon
phases. Chapter 6 presents application of algorithm presented in Chapter 5 in simple form to 6
bitumens. This algorithm results in similar phase behavior predictions for single pseudocomponent
bitumens as compared to multi component conventional characterization. This chapter presents a
mechanism for sensitivity of bitumen recovery simulation to characterization methods. Such sensitivity
analysis, carried out before running simulation of bitumen recovery with ES-SAGD process, can provide
important guidelines for selection of reliable and efficient bitumen characterization method.

Chapter 7 presents a well-developed reservoir fluid characterization using PnA approach for
multiphase behavior prediction for 90 reservoir fluids (48 gas condensates, 7 volatile oils, 29 other oils,
4 heavy oils, and 2 bitumens). Similar to the algorithm presented in Chapter 4, algorithm presented in
this chapter also directly perturbs Tc, Pc, and w for pseudocomponents for reservoir fluid
characterization. However, the algorithm presented in Chapter 7 differs from that in Chapter 4 in
followings ways:

(1) Single parameter is used to adjust Tc, Pc, and w.

(2) The BIPs are used for components like N2, CO2, CH4, C2Hs, CsHs, C4H10 and CsH12. The BIPs for
CO2, CH4, C2Hs, C3Hs, C4H10 and CsH12 with heavier n-alkanes are developed using multiphase
behavior data for binary and ternary mixtures.

(3) Saturation pressure is matched by Tc, Pc, and w adjustment and density matching is done using
volume shift parameters.

Predictive capability of the algorithm presented in this Chapter 7 is better than that presented in
Chapter 4. The average absolute deviation for CVD liquid saturation, CME liquid saturation, and
average absolute relative deviation for MMP predictions in Chapter 4 were 2.10%, 3.57% and 6.7 %
respectively; corresponding deviations in Chapter 7 are 1.5%, 2.5%, and 4.57% respectively. Chapter
7 included maximum number of fluids for three-phase predictions (9 oils, 2 heavy oils, and 2 bitumens)

and for all these cases, three hydrocarbon phases have been predicted satisfactorily.
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8.2. Conclusions

This research presents a simple, robust, and reliable fluid characterization for multiphase behavior

simulation for hydrocarbon system irrespective of fluid type. Conclusions are the following:

(1)

Perturbation from n-alkane approach provides reliable and robust framework for multiphase
reservoir fluid characterization because of well-defined initial PR EOS parameters values for
pseudocomponents and physically justified search direction for regression parameters.
Irrespective of density matching either by using volume shift parameter or by adjusting critical
parameters, the PnA method was found to be applicable for multiphase characterization; that is, the
effect of aromaticity on phase behavior can be modeled by adjusting Tc, Pc, and w of
pseudocomponents as monotonic functions of regression parameters.

The regression parameters in the PnA approach, unlike the conventional characterization, are not
component specific, which makes the algorithm simple and easy in retaining the physical trend of
the PR-EOS parameters with carbon number of pseudocomponents during regression. The
regression of adjustable parameters is well defined and physically justified, unlike undefined manual
regression approach in the conventional characterization.

The PnA approach used for reservoir fluid characterization is systematic and simple. The phase
behavior change during the regression of adjustable parameters is systematic; hence, saturation
pressure varies monotonically with the regression parameters in all algorithms developed.
Parameters such as y (Chapter 4), C (Chapter 5), B (Chapter 7) are presented as correlations;
however, these parameters can be used as adjustable variables, if needed, to match other types of
PVT data such as CVD liquid saturation, minimum miscibility pressure etc. As shown (Chapter 4
and 5), predictions of other types PVT measurements (apart from saturation pressure) are
monotonic functions of these parameters; matching of these PVT measurements may not be
possible with conventional approach.

The PnA based fluid characterization algorithms presented in Chapters 2 to 7 were able to achieve
the specific objectives set in these chapters. Phase behavior simulation for n-alkanes' mixture is
recommended with the optimized Tc, Pc, and w developed in Chapter 2. The optimized parameters
can reliably predict two-phase behavior with zero BIPs. The algorithm presented in Chapter 3 is a
specific case of the algorithm presented in Chapter 4, and uses perturbation of Tc, Pc, and w. The
algorithm using direct perturbation of the attraction and covolume parameter is presented in Chapter
5, and its simplified form is applied to bitumens in Chapter 6. The algorithms presented in Chapters
5 and 6 have additional benefit of having fewer regression parameters. All these algorithms use
zero BIPs for hydrocarbon-hydrocarbon pairs, zero volume shift parameters and optimized Tc, Pc,
and w. These algorithms are recommended for reliable two-phase behavior simulation. Three-
phase behavior simulation from these algorithms may not be reliable because of the following

reasons:
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o Algorithms in Chapter 4 and Chapter 6 are based on the PR EOS calibrated for two-phase

behavior using optimized Tc, Pc, and w for n-alkanes.

o Three-phase behavior is more reliable with physical critical parameters and non-zero

hydrocarbon-hydrocarbon BIPs as examined in Chapter 7.

o The amount of three-phase data used for validation of three-phase behavior in Chapter 4

to Chapter 6 is limited.

The algorithm presented in Chapter 7 is reliable for multiphase behavior simulation. This
algorithm uses BIPs that are optimized for multiphase behavior prediction. The algorithm has been
validated by using 90 reservoir fluids, including 13 fluids that are used for validation of three-phase
behavior simulation. Hence, the characterization approach presented in Chapter 7 is recommended
for EOS-model development for multiphase PVT simulation. However, since density matching in
this algorithm is same as that for the conventional characterization, it is important that volume shift
parameters be properly modeled for reliable density prediction in range of pressure, temperature,
and composition that are expected in reservoir oil displacement during gas injection.

The PnA characterization uses a small amount of data (saturation pressure and density data);
however, it does not undermine the importance of including more phase behavior data in fluid
characterization. Particularly for gas injection, predictions from the PnA characterization should be
validated by using more compositional and volumetric phase behavior data.

The algorithm presented for multiphase behavior predictions uses unmodified form of PR EOS;

hence, application of the characterization method requires no change in commercial software.
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8.3. Recommendations for Future Research

Recommendations for future research are as follows:

(1)

(@)

The impact of three-phase PnA characterization on multiphase flow simulation could not be studied
in this research due to the unavailability of detailed data for multiphase oil displacement.
Systematic characterization of critical end points for reservoir fluid and solvent mixture is
recommended for future study. Although the condition, under which high displacement efficiency in
the presence of three hydrocarbon phases is possible, is known, no systematic approach to
achieving that is known.

Heptane plus fractions in the PnA approach are modeled by using the chi-squared distribution
function. It is not known how splitting of the plus fraction with a more general form of probability
distribution function (i.e. gamma distribution) and a simpler form (i.e. logarithmic distribution) will
affect the present characterization. This work can be done, and the present approach may be
modified accordingly.

This research did not include the impact of the number of components on phase behavior predictions
with the PnA method. A study may be done on the impact of using more pseudo components. This
may be helpful for phase behavior prediction for near critical fluids, such as near critical gas
condensates or volatile oil.

The correlation for BIP of CO2 with heavier n-alkanes presented in this research is independent of
temperature. However, prior publications show that BIP of COs: is sensitive to temperature. A
research on this may be conducted using phase behavior data with a wide temperature range.
The SRK EOS is simpler than the PR EOS. The expression of fugacity with the SRK EOS is smaller
than that with the PR EOS, which can contribute to computational efficiency. It is possible to develop
a fluid characterization method using the PnA approach for the SRK EOS.

Systematic study of aromaticity on fluid characterization has not been carried out. This is because
of the unavailability of suitable data for aromatic components. A research of experimental work
combined with analytical study to find EOS parameters as function of aromaticity of fluid mixtures
containing paraffins, naphthenic and aromatics may be undertaken.

The attraction and covolume parameters developed in Chapter 5 and Chapter 6 may be used for
the friction theory based viscosity model developed by Quifiones-Cisneros et al. (2004). The friction
theory based viscosity model uses the attraction and covolume parameters. Since the algorithm
presented in Chapter 5 yields the attraction and covolume parameters for heavy oils and bitumens
for compositional as well as volumetric phase behavior predictions, it is expected that their use in
viscosity model will improve the correlative accuracy for viscosity data for heavy oils and bitumens.
Heavy oils have been split into SARA (Saturates, Aromatics, Resin, and Asphaltene). A possibility

may be looked into for applying the PnA approach for these fractions for heavy oil characterization.
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Appendices

Appendix 2-A: Quality of density and vapor pressure data matching
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Table 2-A1. Sources and T-P ranges of data used for optimizing Tc, Pc, w, and AADs in density
predictions. AADs using optimum Tc, Pc, and w developed in this research are compared to
those using the correlations of Gao et al. (2001).
Density Data AAD, Liquid Density
n- No. of This Gao
Alkane Reference Data TrRange  PrRange Research et al.
CrHie Doolittle (1964), Schilling et al. 2008 214 0.43-1.06 0.01-180.32 2.0 1.9
CsHig Goodwin (1996), Perry and Green (2007) 54 0.52-1.05 0.52-1.05 2.3 35
CoHao Doolittle (1964), Schilling et al. (2008) 212 0.39-0.98 0.39-0.98 2.2 4.5
CiwHz»  Doolittle (1964), Susnar et al. (1992) 131 0.48-0.98 0.48-0.98 1.5 6.0
CuHzs  Doolittle (1964), Yaws (2010) 90 0.48-0.91 0.48-0.91 2.9 7.1
CiHzs  Doolittle (1964), Yaws (2010) 170 0.48-0.79 0.48-0.79 15 8.8
CiHs  Elizalde-Solis (2007), Yaws (2010) 170 0.46-0.79  0.46-0.79 1.5 10.6
CuHiz  Khasanshin and Shchemelev (2002), Yaws (2010) 80 0.42-0.79 0.42-0.79 3.1 12.5
CisHz,  Daridon et al. (2002), Yaws (2010) 162 0.42-0.79 0.42-0.79 3.1 15.3
CiHss  Daridon et al. (2002), Yaws (2010) 193 0.43-0.78 0.43-0.78 2.4 14.7
CiHzs  Doolittle (1964), Yaws (2010) 80 0.44-0.79  0.44-0.79 4.2 17.0
CigHzs  Dutour et al. (2000), Yaws (2010) 123 0.42-0.88 0.42-0.88 5.0 20.7
CiHip  Dutour et al. (2000), Yaws (2010) 119 0.41-0.88 0.41-0.88 5.5 22.0
CxHs,  Doolittle (1964), Yaws (2010) 70 0.48-0.87 0.48-0.87 4.8 21.4
CaxHa  Yaws (2010) 20 0.59-0.78 0.59-0.78 1.0 21.1
CxHis  Yaws (2010) 20 0.59-0.77 0.59-0.77 1.1 22.7
CxHss  Dutour et al. (2001), Yaws (2010) 110 0.41-0.78 0.41-0.78 6.7 28.6
CuHsy  Dutour et al. (2001), Yaws (2010) 105 0.41-0.77 0.41-0.77 6.6 30.1
CasHs;  Yaws (2010) 20 0.59-0.77 0.59-0.77 1.3 27.3
CxHs:  Yaws (2010) 20 0.59-0.77 0.59-0.77 1.6 28.6
CyHss  Yaws (2010) 20 0.59-0.77 0.59-0.77 1.7 30.0
CasHss  Dutour et al. (2002), Yaws (2010) 101 0.41-0.86 0.41-0.86 6.9 35.8
CaxHeo  Yaws (2010) 20 0.58-0.86 0.58-0.86 2.9 32,9
CxHsz  Aucejo et al. (1995), Yaws (2010) 70 0.43-0.86 0.43-0.86 5.6 37.3
CaiHes  Yaws (2010) 20 0.58-0.85 0.58-0.85 0.8 37.7
CuHes  Yaws (2010) 19 0.59-0.85 0.59-0.85 47 36.9
CyuHes  Yaws (2010) 19 0.59-0.84 0.59-0.84 0.7 419
CauHn  Yaws (2010) 19 0.59-0.84 0.59-0.84 1.0 42.3
CssHr  Yaws (2010) 19 0.59-0.84 0.59-0.84 0.6 44.5
CsHze  Dutour et al. (2002), Yaws (2010) 83 0.40-0.85 0.40-0.85 4.2 46.8
CyHe  Yaws (2010) 19 0.57-0.82 0.57-0.82 0.6 47.4
CagHzs  Yaws (2010) 18 0.60-0.84 0.60-0.84 0.5 48.8
CyxHgzo  Yaws (2010) 18 0.59-0.83 0.59-0.83 0.5 50.0
CiuHsz  Doolittle (1964), Yaws (2010) 58 0.45-0.84 0.45-0.84 3.8 50.8
CuHss  Yaws (2010) 18 0.59-0.83 0.59-0.83 0.5 52.1
CixHgs  Yaws (2010) 18 0.59-0.83 0.59-0.83 0.5 53.2
CiHgs  Yaws (2010) 18 0.59-0.83 0.59-0.83 2.3 53.2
CuHso  Yaws (2010) 17 0.60-0.83 0.60-0.83 0.6 55.2
CusHgez  Yaws (2010) 17 0.60-0.83 0.60-0.83 0.5 56.2
CauHes  Yaws (2010) 17 0.60-0.83 0.60-0.83 0.5 57.2
CiHes  Yaws (2010) 17 0.61-0.83 0.61-0.83 0.5 58.1
CuHgs  Yaws (2010) 17 0.60-0.82 0.60-0.82 0.5 59.0
CaoHio  Yaws (2010) 17 0.60-0.82 0.60-0.82 0.5 59.9
CsoHioz  Yaws (2010) 17 0.60-0.83 0.60-0.83 0.7 60.7
CsiHios  Yaws (2010) 17 0.60-0.82 0.60-0.82 0.6 61.6
CsoHis  Yaws (2010) 16 0.61-0.82 0.61-0.82 0.4 62.5
CssHis  Yaws (2010) 16 0.61-0.82 0.61-0.82 0.5 63.3
CsiHio  Yaws (2010) 16 0.61-0.82 0.61-0.82 0.7 64.1
CssHiz  Yaws (2010) 16 0.61-0.82 0.61-0.82 0.5 64.8
CsHia  Yaws (2010) 16 0.61-0.82 0.61-0.82 0.6 65.6
CsiHis  Yaws (2010) 16 0.63-0.90 0.63-0.90 1.6 68.3
CssHig  Yaws (2010) 16 0.61-0.81 0.61-0.81 0.5 67.0
CsoHio  Yaws (2010) 16 0.61-0.81 0.61-0.81 0.4 67.7
CeoHizz  Yaws (2010) 16 0.62-0.90 0.62-0.90 15 70.2
CetHie  Yaws (2010) 16 0.62-0.90 0.62-0.90 1.8 70.9
CeoHie  Yaws (2010) 16 0.62-0.90 0.62-0.90 1.5 71.5
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Table 2-A2. Sources and T-P ranges of data used for optimizing Tc, Pc, w, and AADs in vapor
pressure predictions. AADs using optimum Tc, Pc, and w developed in this research are
compared to those using the correlations of Gao et al. (2001).

Vapor Pressure Data AAD Vapor Pressure
n- Reference No. of T, Range This Gao et al.
Alkane Data ' Research (2001)
C7Hy6 Perry and Green (2007), Ewing and Ochoa (2005) 35 0.69-0.95 0.5 0.5
CgHis Perry and Green (2007), Gregorowicz et al.(1987) 27 0.53-0.95 0.5 1.7
CoHzo Perry and Green (2007) 12 0.54-0.91 1.3 21
CioH2 Perry and Green (2007), Gregorowicz et al.(1987) 28 0.50-0.92 1.1 3.8
CiHzs  Riazi and AlQaheem (2010) 10 0.60-0.90 2.0 19.3
Ci2Hzs Perry and Green (2007) 14 0.53-0.93 4.1 2.0
CisHzs  Riazi and AlQaheem (2010) 10 0.60-0.90 3.2 16.9
CisHao Morgan and Kobayashi (1994) 20 0.60-0.79 1.6 0.9
CisHs;  Riazi and AlQaheem (2010) 10 0.59-0.90 A 15.0
Ci6Haa Morgan and Kobayashi (1994) 19 0.55-0.80 4.0 0.7
Ci7Hszs  Riazi and AlQaheem (2010) 10 0.59-0.89 4.5 135
CigHs3s Morgan and Kobayashi (1994) 20 0.60-0.88 3.8 1.1
CigHao Morgan and Kobayashi (1994) 20 0.59-0.88 4.1 1.2
CaoHaz Morgan and Kobayashi (1994) 20 0.59-0.87 2.8 2.1
CxHis  Riazi and AlQaheem (2010) 20 0.59-0.78 1.8 1.3
CxHis  Morgan and Kobayashi (1994) 22 0.57-0.88 3.9 5.5
CxsHs4s  Riazi and AlQaheem (2010) 20 0.59-0.78 2.3 1.4
CaaHso Morgan and Kobayashi (1994) 20 0.59-0.77 2.0 1.4
CxsHs;  Riazi and AlQaheem (2010) 20 0.59-0.77 1.0 1.4
CxHss  Riazi and AlQaheem (2010) 20 0.59-0.77 2.7 1.3
CxHss  Riazi and AlQaheem (2010) 20 0.59-0.77 0.6 1.3
CasHss Morgan and Kobayashi (1994) 20 0.58-0.86 3.0 1.4
CxHso  Riazi and AlQaheem (2010) 20 0.58-0.86 1.4 1.4
CsHs2  Riazi and AlQaheem (2010) 20 0.58-0.86 1.1 1.5
CsiHes  Riazi and AlQaheem (2010) 20 0.58-0.85 1.4 1.5
CsxHes  Riazi and AlQaheem (2010) 19 0.59-0.85 1.8 1.6
CssHes  Riazi and AlQaheem (2010) 19 0.59-0.84 0.8 1.9
CaH7o  Riazi and AlQaheem (2010) 19 0.59-0.84 1.3 23
CssHzz  Riazi and AlQaheem (2010) 19 0.59-0.84 0.9 2.8
CsH7s  Riazi and AlQaheem (2010) 18 0.60-0.85 23 3.3
Cs7H7e  Riazi and AlQaheem (2010) 17 0.60-0.82 0.9 3.9
CssHzs  Riazi and AlQaheem (2010) 18 0.60-0.84 1.0 4.4
CsHso  Riazi and AlQaheem (2010) 18 0.59-0.83 1.1 5.0
CasHs2:  Riazi and AlQaheem (2010) 17 0.61-0.84 1.4 11.3
CsHgs  Riazi and AlQaheem (2010) 17 0.61-0.83 0.9 13.3
CsHgs  Riazi and AlQaheem (2010) 17 0.61-0.83 1.0 13.8
CssHgs  Riazi and AlQaheem (2010) 17 0.61-0.83 0.8 14.4
CuHgo  Riazi and AlQaheem (2010) 17 0.60-0.83 1.4 15.0
CssHs;  Riazi and AlQaheem (2010) 17 0.60-0.83 1.2 15.6
CsHss  Riazi and AlQaheem (2010) 16 0.62-0.83 1.5 15.8
CsHes  Riazi and AlQaheem (2010) 16 0.62-0.83 1.6 16.5
CssHes  Riazi and AlQaheem (2010) 16 0.61-0.82 1.6 17.3
CasHio  Riazi and AlQaheem (2010) 16 0.61-0.82 23 18.1
CsoHi02z  Riazi and AlQaheem (2010) 16 0.62-0.83 1.0 17.8
CsiHios  Riazi and AlQaheem (2010) 16 0.61-0.82 3.0 18.9
CsoHis  Riazi and AlQaheem (2010) 15 0.62-0.82 0.7 19.2
CssHigs  Riazi and AlQaheem (2010) 15 0.62-0.82 0.7 20.3
CssHi1o  Riazi and AlQaheem (2010) 15 0.62-0.82 0.7 21.3
CssHiiz  Riazi and AlQaheem (2010) 15 0.62-0.82 0.7 224
CssHi14  Riazi and AlQaheem (2010) 15 0.62-0.82 0.7 23.5
Cs7Hiis  Riazi and AlQaheem (2010) 16 0.63-0.90 1.0 22.2
CssHiis  Riazi and AlQaheem (2010) 15 0.62-0.81 0.7 25.6
CsoHizo  Riazi and AlQaheem (2010) 15 0.63-0.81 0.5 26.8
CeoHi22  Riazi and AlQaheem (2010) 16 0.62-0.90 1.0 25.2
Ce1Hi2a  Riazi and AlQaheem (2010) 16 0.62-0.90 1.1 26.2
Ce2Hizs  Riazi and AlQaheem (2010) 16 0.64-0.90 0.9 27.3
CesHizs  Riazi and AlQaheem (2010) 15 0.64-0.90 1.0 27.0
CesHizo  Riazi and AlQaheem (2010) 15 0.64-0.90 1.0 28.0
CesHizz  Riazi and AlQaheem (2010) 15 0.64-0.89 1.0 29.0
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Appendix 2-B: Optimized Tc, Pc, and o for n-alkanes from n-C7 to n-C1o00

Table 2-B. Tc, Pc, m, and o optimized in this research and Tc, Pc, and o from the
correlations of Gao et al. (2001) for n-alkanes from C7 to C1oo.
Optimized Values in This Research Correlations of Gao et al. (2001)
n-Alkanes
Tc /K P/ Bar m ® Tc /K Pc/Bar ®
C7Hq6 542.48 27.73  0.8687 0.3407 540.40 27.497 0.3474
CgH1s 570.59 25.74 0.9465 0.3986 569.44 25.142 0.3936
CoHzo 595.96 23.97 1.0187 0.4536 595.30 23.097 0.4389
CioH2 618.54 22.35 1.0888 0.5043 618.53 21.304 0.4833
CiqH2s 628.90 21.03 1.1436 0.5456 639.55 19.717 0.5269
CioHze 657.99 19.81 1.2205 0.6042 658.69 18.302 0.5696
Ci3Has 666.68 18.65 1.2705 0.6426 676.19 17.034 0.6116
CisHso 694.01 17.65 1.3197 0.6808 692.28 15.891 0.6529
CisHs 698.81 17.01 1.3955 0.7401 707.12 14.856 0.6934
CieHaa 723.05 16.06 1.4277 0.7657 720.86 13.915 0.7333
Ci7H36 729.58 1523  1.4737 0.8024 733.61 13.057 0.7725
CigHas 751.46 14.86  1.5157 0.8358 745.48 12.271 0.8112
CigHao 764.37 14.31 1.5481 0.8618 756.56 11.549 0.8492
CaoHaz 777.28 13.66  1.5936 0.8988 766.91 10.884 0.8866
CaHas 787.93 13.09  1.6271 0.9261 776.61 10.271 0.9235
CaoHys 796.83 12.67 1.6672 0.9589 785.71 9.704 0.9599
CasHag 810.48 12.30  1.6956 0.9824 794.27 9.178 0.9957
Ca4Hso 821.85 1195  1.7157 0.9990 802.33 8.690 1.0310
CasHsz 830.97 11.58 1.7429 1.0216 809.92 8.235 1.0659
CaeHss 841.21 1126 1.7738 1.0474 817.09 7.812 1.1002
CarHse 849.96 10.96  1.7900 1.0609 823.87 7.417 1.1341
CagHsg 859.36 10.70 1.8281 1.0930 830.28 7.048 1.1675
CaoHeo 867.48 10.41 1.8433 1.1058 836.35 6.702 1.2005
CaoHes2 876.02 10.27  1.8600 1.1200 842.11 6.378 1.2331
C31He4 883.77 9.98 1.8733 1.1313 847.58 6.074 1.2652
CazHes 891.11 9.81 1.8948 1.1496 852.77 5.788 1.2970
CasHes 899.07 9.67  1.9179 1.1693 857.71 5.519 1.3283
Ca4Hro 905.91 9.43 1.9433 1.1911 862.41 5.266 1.3593
CasHz 911.58 9.29 1.9665 1.2110 866.88 5.028 1.3898
CaeHra 918.25 9.16  1.9750 1.2184 871.14 4.803 1.4200
CarHze 924.99 8.98  2.0001 1.2400 875.21 4.591 1.4499
CagHzs 930.93 8.81 2.0173 1.2549 879.08 4.390 1.4794
CaoHso 936.66 8.64  2.0326 1.2683 882.79 4.200 1.5085
CaoHs2 940.00 8.43 2.0596 1.2918 886.32 4.021 1.5373
Ca1Hss 946.66 8.28 2.0681 1.2993 889.71 3.851 1.5657
CazHss 951.88 8.16  2.0835 1.3127 892.94 3.690 1.5939
CasHss 955.98 8.02 2.1014 1.3285 896.03 3.537 1.6217
CasHoo 961.81 7.88  2.1121 1.3379 899.00 3.391 1.6492
CasHo2 965.59 7.69  2.1282 1.3521 901.84 3.254 1.6764
CasHos 970.20 7.59 2.1433 1.3655 904.56 3.123 1.7033
Ca7Hos 974.00 744 21602 1.3805 907.16 2.998 1.7299
CagHos 978.03 730 21714 1.3904 909.66 2.879 1.7562
CagH100 982.25 716 2.1832 1.4009 912.06 2.767 1.7822
CsoH102 985.00 7.03 21947 1.4112 914.37 2.659 1.8080
Cs1H104 990.33 6.93  2.2088 1.4238 916.58 2.557 1.8334
Csz2H106 993.20 6.83  2.2092 1.4242 918.70 2.459 1.8586
CssH1o0s 996.97 6.77 2.2185 1.4325 920.75 2.366 1.8836
CsaH110 1000.64 6.69  2.2267 1.4398 922.71 2.277 1.9082
CssH112 1003.20 6.56  2.2404 1.4521 924.60 2.192 1.9327
CseH114 1006.68 6.48  2.2475 1.4585 926.42 2111 1.9568
CsrH116 1009.06 6.36  2.2610 1.4707 928.16 2.033 1.9808
CssH11s 1012.36 6.28 2.2669 1.4760 929.85 1.959 2.0044
CsoH120 1014.56 6.17  2.2800 1.4878 931.47 1.888 2.0279
CeoH122 1017.69 6.10  2.2853 1.4926 933.03 1.820 2.0511
Ce1H124 1020.75 6.08 2.2938 1.5003 934.53 1.755 2.0741
Ces2H126 1022.71 5.94 2.3037 1.5093 935.98 1.693 2.0968
CesH1zs 1025.62 5.91 2.3112 1.5161 937.38 1.633 2.1193
CesH130 1027.42 579  2.3216 1.5255 938.73 1.576 2.1416
CesH132 1030.20 575  2.3275 1.5309 940.02 1.521 2.1637
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Appendix 5-A. Algorithm for Direct Perturbation of Attraction and Covolume

Parameters

Compositional details :Molecular weights and mole fractions of well-defined components and the plus fraction
PVT data: (1) Saturation pressure (Pzs7) data at reservoir temperature (Tggz)
(2) Density data at different pressure points at reservoir temperature (Trrg)

Step 1. Compositional characterization
Use chi-squared distribution (Quifiones-Cisneros et al. 2004) to obtain MW, and 7, where i = 1,2..n, and n is the number of
pseudo components.

Step 2. Calculate constants
Calculate yi,; , Py, Zga, and c based on the definitions given in section 3.1. Calculate the attraction and covolume
parameters for well-defined components, such as C,, C,, ..., Cs, Ny, and CO,,

Step 3. Regression of ¢, f,, and f,
c=c =t Ac >
X
| £,=0.0, £,=00 |
—— ! £.-00, £=f+Af F——=———m— »
[ ’L&'_O;O’_E_ﬂl_Af_b_n v
i
Calculate my,; = (%) '
f,=f, = Af, »
v

yr; for pseudo comoponents i=1, 2, ..., n.
v; = (£, + by (MWi — MW,) + [c + (L.0998((f, + Tb)/Pr) + 0.1763)b Zga 1)l

v

|

|

|

|

|

|

|

|

|

|

| a, and b, for pseudo comoponents i=1, 2, ..., n.
| Calculate b, using Equation 5-10

I Calculate a, =, (b))?
|
|
|
|
|
|
|
|
|
|
|

!

No
Calculate saturation pressure (Pegey ) at Trpe using PR
EOS, and calculate deviation, £ = |[Pgsear - PaatlPsat

Yes

Output the a; and b;
parameters
calculated, and stop.

Calculate densities at pressure points at
Tree using PR EOS, and calculate AAD 6

Figure 5-A1. Flow chart for the direct perturbation algorithm presented in Section 3.
The dotted line shows the adjustment of f, for matching densities. This path is taken when the

adjustment of ¢ is unsuccessful in matching densities (See Section 3.2 for details). For the dotted path,
the c value calculated in Step 2 is used and kept constant during the regression with fo and fy.
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Appendix 5-B. Estimation of Critical Parameters from Attraction and Covolume
Parameters

The attraction and covolume parameters cannot be directly input for the fluid model used in existing
commercial software, such as numerical reservoir and PVT simulators. Mathematically, any set of Tc,
Pc, and m (or w) that results in a given set of the attraction and covolume parameters will yield the same
phase behavior prediction from the PR EOS fluid model at a given temperature. However, attaining a
qualitative and quantitative correctness may be important when such parameters are used for
calculation of some other properties, such as parachor values, interfacial tensions, and critical
viscosities. A method is presented to back calculate a physically reasonable set of Tc, Pc, and w that
gives a certain set of the attraction and covolume parameters converged by the direct PnA algorithm
(Section 3).

The correlations of Kesler-Lee (1976) and Lee-Kesler (1975) are widely used to estimate of Tc, Pc,
and w of petroleum fractions (Whitson and Brulé 2000). They are functions of boiling point (Tv) and
specific gravity (y). Thus, for pseudocomponent i, the method proposed is to find a set of Tri and yi that
gives the desired values of the attraction (ai) and covolume (bi) parameters through the correlations of
Kesler-Lee (1976) and Lee-Kesler (1975).

To give reasonable initial values for Twi and yi, a model is proposed for Tci by replacing fr of Equation
5-S8 with mpi used in Equation 5-3. Then, Equation 5-S5 is solved for Pci for a given Tci and bi. After
that, m; can be solved for using Equations 5-S2, 5-S3, and 5-S4 for a given Tci, Pci, and ai. The resulting
Tci, Pci, and mi are used with the PR EOS to give initial values for Twi and yi.

A step-wise description of the method is as follows:

Step 1. Calculate Tci, Pci, and mi by use of the following equations:
Tei = 1154.35 — 844.83(1.0 + 1.7557 x 10~3my; MW;) =20 (5-B1)
Pei = QpRTe;i/b; (5-B2)

— 3j _ S -
M= [\’Qa(RTCi)Z/PCi 1'0]/<1'0 \/T:) (5-83)

Step 2. Calculate Ty and yi using the PR EOS with the Tci, Pci, and mi from step 1.

Step 3. Calculate Tci, Pci, and wi using the correlations of Kesler-Lee (1976) and Lee-Kesler (1975) with
the Tei and yi from step 2.

Step 4. Calculate a’ and by’ for the PR EOS using Equations 5-S2 and 5-S5 with the Tci, Pci, and wi
from step 3.

Step 5. Calculate the objective function (ei) for pseudocomponent i as follows:
ei = |ai-ai'|/ai + |bi-bi’|/bi (5-B4)
If ei is less than a tolerance, repeat the method for other pseudocomponents. Otherwise, update
Tewi and vy to reduce ei until it becomes less than the tolerance. In the current research, the
EXCEL solver was used to perform the iterations. Table 5-B1 gives the results for four

pseudocomponents in a sample calculation.
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Table 5-B1. Example of solution for Tc, Pc, and w from the attraction and covolume
parameters using the EXCEL solver. The temperature is 299.81 K.

Target a; Target b; Yi Toi Te Pc wi e
(bar.cc?.mol?) (cc.mol ™) (K) (K) (bar)
152780160.65 225.96109 0.82984 517.749 700.347 20.049 0.5680 3.64E-07
415755584.46 371.98724 0.94476 670.127 853.779 14.847 0.8738 2.83E-06
809603339.61 518.89867 1.04283 797.501 982.191 12.244 1.0646 1.79E-06
1893146362.73 796.38678 1.21313 1006.301 1199.746 9.745 1.2633 9.37E-06

#Tci, Pci, and w; are calculated using the correlations of Kesler-Lee (1976), and Lee-Kesler (1975) with the
listed yi and Ty. The target a; and b; values are sample values for the attraction and covolume parameters for
pseudocomponent i. Four pseudocomponents are listed.
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Appendix 7-A. Development of Binary Interaction Parameters

BIPs were optimized for CO2, methane, ethane, and propane with heptane and heavier n-alkanes by
use of three-phase data, including critical endpoints (CEPs). A CEP is where two phases merge in the
presence of the other immiscible phase (Uzunov 1993). For a three-phase region bounded by two
CEPs, two liquid phases are critical in the presence of V phase (L1=L2-V) at the lower CEP (LCEP). At
the upper CEP (UCEP), the V and Lz phases are critical in the presence of the L1 phase (L1-L2=V). The
optimization was concerned primarily with UCEP predictions in this research.

Experimental data are available for UCEPs for the methane binaries with hexane (Lin et al. 1977)
and heptane (Chang et al. 1966), for the ethane binaries with n-C1s, n-C1g, n-C20, n-C22, n-C23, and n-
C24 (Estrera and Luks 1987; Peters et al. 1986; Peters et al. 1987a), and for the propane binaries with
n-Caz, n-Cas, n-Css, N-Cas, N-Cao, N-Cas, n-Cas, N-Cso, and n-Ceo (Peters et al. 1989; Peters et al. 1992;
Peters et al. 1993). These data were matched with the PR EOS by use of an in-house FORTRAN code
based on the algorithms of Heidemann and Khalil (1980) and Mushrif (2004). Critical parameters and
w for CO2, methane, ethane, and propane were taken from Yaws (2010). The critical parameters of n-
alkanes heavier than hexane were from Equations 7-1 and 7-2 (Gao et al. 2001).

It was observed that matching UCEPs with the PR EOS requires minor deviations from the w
correlation of Gao et al. (2001). To find a smooth w trend with respect to CN that can be used for
matching UCEPs, different pairs of w and BIP were found for each binary as shown in Figure 7-A1. In
this figure, the number below a curve indicates the CN of the heavier n-alkane. The curves follow the
same trend except for the propane binaries with n-Css and n-Ceo. The irregularity for these binaries
appears to be caused by the fluctuation in the UCEP data measured near the asymptotic limit defined
by the critical point of propane, as shown in Figure 7-A2. This type of irregularity was also observed in
terms of measured UCEP temperature, although not shown here.

Equation 7-4 gives the smooth trend obtained for non-physical acentric factor (w) with respect to
CN in this research. Although this equation was found by use of non-physical and physical w, the non-
physical values used were chosen to be as close to the corresponding physical value as possible. The
w shown by the filled circles in Figure 7-A1 have been calculated from Equation 7-4. For n-Csz, n-Caa,
n-Css, N-Css, and n-Cao, these are nearly equal to their respective physical values as given in Equation
7-3 (< 0.015 AAD). Figure 7-A3 shows the comparison between Equations 7-3 and 7-4.

The trend of optimized BIPs for the ethane binaries with n-C+s, n-C19, Nn-C20, N-C22, n-C23, and n-Cz4
is linearly correlated by Equation 7-10. Development of a trend for propane BIPs used three-phase data
given in Gregorowicz et al. (1993b), in addition to the UCEP data mentioned previously, in order to add
an optimized BIP for propane with n-Cz0. The data by Gregorowicz et al. (1993b) are 12 P-T envelopes
for 12 different mixtures of ethane, propane and n-C2. The BIP of ethane with n-C20 was calculated
with Equation 7-10. The Tc, Pc, and w for n-C20 were calculated from Equations 7-1, 7-2, and 7-4,
respectively. Then, three-phase data were matched by adjusting the propane BIPs with ethane and n-

C20. The optimized BIP is 0.017 for ethane-propane and 0.041 for propane-n-Cz0. Even though three-
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phase P-T envelopes have very small temperature windows (2.19 K at most), they were successfully
matched. Figure 7-A4 shows one such matching. The experimental data for UCEP and LCEP are
(316.03 K, 54.59 bars) and (315.06 K, 53.33 bars), respectively. The predicted UCEP and LCEP are
(315.77 K, 54.40 bars) and (314.73 K, 53.00 bars), respectively. The trend of propane BIPs with respect
to CN of the heavier n-alkane is shown in Figure 7-A5, which is expressed in Equation 7-11. Itis evident
that the optimized BIPs for n-Css and n-Ceo do not follow the trend due to the irregularity as shown in
Figure 7-A1.

Development of a trend for methane BIPs required additional three-phase data, due to the scarcity
of the UCEP data, such as Hottovy et al. (1981b) for the methane-ethane-n-Cs system, Gregorowicz et
al. (1993b) for the methane-ethane-n-C20 system, and Jangkamolkulchal and Luks (1989) for the
methane-ethane-n-C22 system. For the system studied by Hottovy et al. (1981b), three-phase
composition data at (202.00 K, 48.40 bars), (204.00 K, 50.80 bars), (206.00 K, 54.20 bars), and (210.00
K, 58.80 bars) were matched. For the system studied by Gregorowicz et al. (1993b), 11 P-T three-
phase data were matched. Figure 7-A6 shows one such P-T three-phase envelope for 6.87% methane,
92.42% ethane, and 0.71% n-Czo. For the system studied by Jangkamolkulchal and Luks (1989), three-
phase composition data at (298.50 K, 46.88 bars), (298.50 K, 56.16 bars), (303.50 K, 47.35 bars), and
(303.50 K, 52.43 bars) were matched. Optimized BIPs for methane-ethane, methane-n-Cs, methane-
n-C20, and methane-n-C22 are 0.040, 0.048, 0.062, and 0.064, respectively. Equation 7-9 gives a
correlation for the methane BIPs with CN of the heavier n-alkane.

Three-phase data for the butane binaries and the pentane binaries are unavailable in the literature.
It seems that UCEPs were measured for butane with a few n-alkanes (Peters 1994); however, the data
are not available in the public domain. In the absence of relevant data, an extrapolation approach was
used to develop BIPs of butane and pentane with heavier n-alkanes. For n-alkanes heavier than
hexane, BIPs for methane, ethane, and propane were calculated using Equations 7-9, 7-10, and 7-11,
respectively. Then, for each of the heavier n-alkanes, BIPs for methane, ethane, and propane were
extrapolated for BIPs for butane and pentane. The resulting correlations are given in Equations 7-12
and 7-13. These correlations were further validated by three-phase predictions, as shown in the case
studies section. The correlation for BIP of butane (Equation 7-12) was used to estimate the UCEPs for
binary mixture of butane with heavier n-alkane. Figures 7-A7a and 7-A7b show the trend of
temperature and pressure respectively calculated at UCEP. The two figures also show the critical
temperature and pressure of butane. The temperature and pressure at UCEP for butane binaries with
heavier n-alkane should not go below the respective temperature and pressure at critical point of butane
that is observed between carbon numbers 57 and 76. This deviation may be because of limitations of
PR EOS and uncertainties with critical parameters for heavier n-alkane. However, the trend merely
shows estimated values and in the absence of experimental data, the amount of error cannot be

ascertained.
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BIPs for CO2 with n-alkanes were optimized by Kato et al. (1981), Lin et al. (1984), Kordas et al.
(1994); however, they did not use three-phase data or CEP data. In this research, therefore, BIPs of
CO:2 with n-alkanes were optimized to match the UCEP data for CO2-n-alkanes, n-C+3, n-C14, n-C1s, n-
C19, n-C20, and n-C21 (Hottovy et al. 1981a; Fall and Luks 1985; Fall et al. 1985). In order to make the
trend more reliable, L=V critical-point data for n-Cs, n-Cs, and n-C1o (Choi and Yeo 1998; Reamer and
Sage 1963) were also used in the BIP optimization. Figure 7-A8 shows that the optimized BIPs show
an increasing trend with increasing CN, but they become nearly constant beyond n-Cis. However,
higher BIP values were required when matching experimental data for heavy oils for the development
of Equations 7-5, 7-6, and 7-7. This observation may be because of the effect of oil aromaticity on
phase behavior with CO2, and was considered for the development of Equation 7-8.

The BIPs developed for the PR EOS in this research are designed for n-alkanes; however, they are
used for pseudocomponents in this research. Although these BIPs were successful in predicting three-

phase behavior in this research, they can be used as initial guesses if BIP adjustment is needed.
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Appendix 7-B. Three-Phase Behavior from BIPs Optimized for UCEP Match

This section investigates the predictive capability of BIP optimized for UCEP data match for three-phase
behavior for the binary mixture. The UCEP is one of two critical end-points closing the three-phase
region in P-T space. Although, LCEP does not exist for all binaries studied in this work, it is desirable
to investigate the predictive capability of the optimized BIP for producing a LCEP if it exists. The Global
Phase Equilibrium Calculation (GPEC 3.2.0) (Cismondi et al. 2006) is used to produce three-phase
behavior for binaries studied.

For methane binaries, only methane and heptane binary mixture is investigated. For this binary,
LCEP has not been reported; quadruple point has been reported at 169.71 K and 22.82 bars (Chang et
al. 1966). Figure 7-B1 presents the T-x projection of three-phase predicted in P-T-x space with the
optimized BIP (0.0497).

The BIPs, optimized to match the UCEP for ethane binaries, produce the three-phase behavior with
presence of LCEP; however, the LCEP matching for some of the binaries is not satisfactory as shown
in Figure 7-B2. The UCEP matched with BIP optimization (shown as UCEP (UCEP match)) is
compared with data. The LCEP predicted (with the BIP optimized for UCEP match) is shown as LCEP
(UCEP match) and is compared with data. The AARD for LCEP match for ethane binary with n-C1s, n-
C19, and n-Czo is 0.45%, but with n-Czo0, and n-Cz2, the AARD is 8.77%. The LCEPs for ethane binaries
were matched by BIP adjustment. Figure 7-B3 is an example of LCEP match, which shows T-x
projection of three-phase in P-T-x space after LCEP match for ethane and n-C22 binary. The liquid
phase compositions, particularly for L1 phase (n-Cz2z rich liquid phase), shows good match with the data
(Rodrigues and Kohn 1967). Figure 7-B4 presents the comparison of BIP optimized for LCEP match
with BIP from the Equation 7-10, which represents the trend of BIP for UCEP match. It is observed that
BIPs required for LCEP match are smaller than that for UCEP match. Figures 7-B5 presents the
comparison of optimized temperature at LCEP (shown as LCEP (LCEP match)) with data. The BIP,
optimized for LCEP match, predicts higher UCEP (shown as UCEP (LCEP match)) particularly for
ethane binaries with n-C22and n-Czs. It may be observed that the Equation 7-10 provides reliable BIPs
with satisfactory predictions for three-phase behavior for ethane binaries, as the adjustment required for
LCEP match is not too high (< 0.004). In addition, as expected, three-phase is not predicted for ethane
binaries with n-alkane with CN < 18.

The BIPs optimized for UCEP match for propane binaries predict the three-phase, but they do not
show LCEP. For example, Figure 7-B6 presents the T-x projection for three-phase in P-T-x space for
propane and n-Ca4 binary. The two liquid phases’ curves shown by circles at BIP of 0.0677, which match
UCEP for n-Cs and n-Cas4 binary, initially converge with decreasing temperature, and below some
temperature, they start diverging, hence LCEP does not exist. At lower BIP, they show tendency to
come closer as shown for BIP of 0.03. A closing of the two liquid phases is observed at BIP of 0.02472.
From Figure 7-B6, it appears that L2 (propane rich liquid phase) and vapor phase for BIPs 0.0677 and
0.03 are merging at temperatures 322.30 K and 295.50 K respectively; below these temperatures, these
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phases have same composition as that of pure propane. This indicates existence of another UCEP
(vapor phase merging with propane rich liquid phase i.e. L2) at lower temperature; however, existence
of such phase behavior for propane binaries may not be realistic.

It is observed that with decrease in BIP to match LCEP for propane binaries, the temperature at
UCEP increases. This is in line with observation in case of ethane binaries, which required smaller BIP
for LCEP match that increased UCEP. Such adjustments were done for other propane binaries also for
LCEP match. However, it is observed that in case of n-Cs4 and n-Cas, BIP adjustment could not bring
the LCEPs close to data. Figure 7-B7 compares the adjusted BIP for LCEP match with the trend of BIP
for UCEP match represented by Equation 7-11. Unlike the case of ethane binary in Figure 7-B4,
significant difference in BIPs matching UCEPs and matching LCEPs are observed in case of propane
binaries. Figure 7-B8 compares the optimized temperature at LCEP (shown as LCEP (LCEP match))
with the data. It also compares the UCEP predicted with BIP optimized for LCEP match (shown as
UCEP (LCEP match)) with data. It is observed that the temperatures at UCEP are significantly higher
than respective data. The three-phase prediction for propane binaries with BIP from Equation 7-11
should stop for n-alkanes with CN< 32; however, it was observed that this takes place for n-alkanes with
CN< 29.

Three-phase bounded by UCEP and LCEP exist in case of CO2 and n-C13 binary only. The BIP
optimized for UCEP match for this binary predicts the three-phase, but it does not have LCEP like
propane binary case described earlier. At BIP of 0.10, the predicted UCEP is (315.26 K and 86.14 bars),
whereas data (Fall and Luks 1985) is (314.00 K and 87.20 bars). When BIP is reduced to 0.088, the
predicted LCEP is (312.74 K and 80.72 bars), which is close to LCEP data (Fall and Luks 1985) of
(310.80 K, 81.10 bar); however, the UCEP now changes to (319.24 K and 91.89 bars). For other COz
binaries, three-phase behavior is predicted correctly with no LCEP.

Following observations can be made from the analysis of the three-phase behavior from BIP
optimized for UCEP match:
= UCEP and LCEP matching may require different BIPs for a given binary. This observation is

significant particularly in case of propane BIPs, which may be possibly because of inaccurate critical

parameters for higher n-alkanes, and limitations of PR EOS.

= LCEP match requires smaller BIP compared to that for UCEP match. Hence, while characterizing
reservoir fluids with BIPs developed with UCEP match as default BIPs, adjustment of BIPs should

lead to smaller values greater than respective BIPs optimized for LCEP match.
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Figure 7-B1. T-x projection of three-phase region in P-T-x space for CH4 and n-C7 binary mixture.
L1 phase is n-C7 rich liquid phase, and L2 is CHg rich liquid phase.
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increases the UCEP.
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Comparison for predicted temperature at UCEP with BIP optimized for LCEP match (shown as UCEP
(LCEP match)) with data is also presented. It is seen that LCEP matching achieved using smaller BIP
increases the UCEP significantly.
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Appendix-7C: PR EOS Models for Fluids in Table 7-2 to 7-5.

Table 7C.1a : PR EOS model from PnA characterization for fluid 1 in Table 7.2.
Saturation pressure for this fluid is 412.86 bars at 424.82 K.

Components V4 MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N> 0.0312 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0323 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.6976 16.04 190.60 46.00 0.00800 -5.200
C,He 0.0903 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0402 4410 369.80 42.46 0.15200 -6.350
C4H1o 0.0225 58.12 419.04 37.45 0.18690 -6.738
CsH12 0.0115 72.15 464.80 33.79 0.23850 -5.683
CeH14 0.0096 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0237 111.55 593.84 30.97 0.16500 3.310
PC-2 0.0186 142.42 645.11 27.93 0.21400 7.770
PC-3 0.0139 189.93 735.69 23.79 0.31220 16.090
PC-4 0.0084 315.17 910.92 18.94 0.52110 39.500

Table 7C.1b : BIPs for PR EOS model from PnA characterization for fluid 1 in Table 7.2
N2 COz CH4 Csz C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHs 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2605 0.0420  0.0400  0.0000
CiHwo | 01000 02223 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1824  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 01000 0.1597 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1206 0.0635 0.0430 0.0443 0.0674 0.0662 0.0000 0.0000 0.0000  0.0000  0.0000
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Table 7C.2a : PR EOS model from PnA characterization for fluid 2 in Table 7.2
Saturation pressure (dew point) for this fluid is 424.70 bars at 403.15 K.
Components V4 MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N> 0.0679 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0135 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.6869 16.04 190.60 46.00 0.00800 -5.200
C,He 0.0812 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0376 4410 369.80 42.46 0.15200 -6.350
C4H1o 0.0219 58.12 419.73 37.51 0.18760 -6.710
CsH12 0.0124 72.15 465.30 33.79 0.23980 -5.630
CeH14 0.0099 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0253 106.68 594.59 30.92 0.16360 8.780
PC-2 0.0198 136.77 645.93 27.87 0.21220 10.580
PC-3 0.0148 183.09 715.32 24.59 0.28540 13.280
PC-4 0.0089 305.13 895.91 19.22 0.49490 21.270
Table 7C.2b : BIPs for PR EOS model from PnA characterization for fluid 2 in Table 7.2
N2 COz CH4 Csz C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHs 0.1000  0.1000  0.0000
C2Hs 0.1000 0.1450  0.0420  0.0000
CsHs 0.1000 0.2252  0.0420  0.0400  0.0000
CiHwo | 01000 0.1942  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1620 0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 01000 0.1439  0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186 0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 00510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1183 0.0626 0.0429  0.0431 0.0663 0.0642 0.0000 0.0000 0.0000  0.0000  0.0000
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Table 7C.3a : PR EOS model from PnA characterization for fluid 3 in Table 7.2

Saturation pressure (dew point) for this fluid is 348.46 bars at 382.59 K.

Components Z MW Tc Pc w Cren

(g/mol) (K) (bars) (CC/Mol)

N> 0.0020 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0077 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.7209 16.04 190.60 46.00 0.00800 -5.200
C,He 0.0636 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0623 4410 369.80 42.46 0.15200 -6.350
C4H1o 0.0407 58.12 417.43 37.31 0.18530 -6.800
CsH12 0.0177 72.15 464.61 33.79 0.23800 -5.710
CeH14 0.0128 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0264 104.57 596.05 31.02 0.16650 5.800
PC-2 0.0208 133.04 647.52 27.99 0.21590 15.870
PC-3 0.0156 176.65 717.59 24.72 0.29040 32.430
PC-4 0.0095 290.96 882.94 19.79 0.48110 81.380

Table 7C.3b : BIPs for PR EOS model from PnA characterization for fluid 3 in Table 7.2

N2 0.0000

CO2 0.0000  0.0000

CHa 0.1000  0.1000  0.0000

C2Hs 0.1000  0.1450  0.0420  0.0000

CsHs 0.1000 0.1968  0.0420  0.0400  0.0000

CsHio 0.1000 0.1718  0.0420  0.0400  0.0300  0.0000

CsH12 0.1000 0.1463  0.0420 0.0400 0.0300 0.0116  0.0000

CeHia 0.1000 0.1322  0.0420 0.0400 0.0300 0.0155 0.0058  0.0000

PC-1 0.1300 0.0166  0.0500 0.0414  0.0320 0.0337 0.0186  0.0000  0.0000

PC-2 0.1300 0.0417 0.0518 0.0416  0.0328 0.0418  0.0275 0.0000  0.0000  0.0000

PC-3 0.1300  0.0731 0.0545 0.0419 0.0346 0.0510 0.0393  0.0000 0.0000  0.0000  0.0000
PC-4 0.1300  0.1156 _ 0.0617  0.0428  0.0419  0.0652  0.0620  0.0000 _ 0.0000  0.0000 _ 0.0000 _ 0.0000
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Table 7C.4a : PR EOS model from PnA characterization for fluid 4 in Table 7.2
Saturation pressure (dew point) for this fluid is 415.39 bars at 397.59 K.
Components V4 MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N> 0.0011 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0001 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.6893 16.04 190.60 46.00 0.00800 -5.200
C,He 0.0863 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0534 4410 369.80 42.46 0.15200 -6.350
C4H1o 0.0348 58.12 419.55 37.50 0.18740 -6.720
CsH12 0.0178 72.15 464.79 33.79 0.23850 -5.680
CeH14 0.0173 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0370 106.56 595.23 31.83 0.18940 -1.010
PC-2 0.0286 137.96 646.62 28.91 0.24560 -2.710
PC-3 0.0213 185.04 738.16 24.96 0.35840 -5.720
PC-4 0.0129 304.96 898.70 20.73 0.57290 -13.360
Table 7C.4b : BIPs for PR EOS model from PnA characterization for fluid 4 in Table 7.2
N2 COz CH4 Csz C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2171  0.0420  0.0400  0.0000
CiHw | 01000 0.1877  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1574  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000  0.1404 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1183 0.0626 0.0429  0.0431  0.0663 0.0642  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.5a : PR EOS model from PnA characterization for fluid 5 in Table 7.2
Saturation pressure (dew point) for this fluid is 360.23 bars at 424.82 K.
Components V4 MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N> 0.0030 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0435 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.6255 16.04 190.60 46.00 0.00800 -5.200
C,He 0.0999 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0500 4410 369.80 42.46 0.15200 -6.350
C4H1o 0.0351 58.12 418.82 37.43 0.18670 -6.750
CsH12 0.0196 72.15 464.77 33.79 0.23840 -5.690
CeH14 0.0147 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0422 111.44 592.24 30.33 0.14690 -0.800
PC-2 0.0312 150.51 667.06 25.93 0.21250 -2.290
PC-3 0.0224 209.99 753.43 22.13 0.29960 -4.730
PC-4 0.0129 364.76 954.99 16.87 0.52060 -12.200
Table 7C.5b : BIPs for PR EOS model from PnA characterization for fluid 5 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2605 0.0420  0.0400  0.0000
CiHw | 01000 02223 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1824  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1597 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1259 0.0662  0.0434  0.0480 0.0702  0.0715 0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.6a : PR EOS model from PnA characterization for fluid 6 in Table 7.2
Saturation pressure (dew point) for this fluid is 339.41 bars at 422.59 K.
Components V4 MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N> 0.0343 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0275 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.6783 16.04 190.60 46.00 0.00800 -5.200
C,He 0.0449 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0267 4410 369.80 42.46 0.15200 -6.350
C4H1o 0.0268 58.12 419.52 37.50 0.18740 -6.720
CsH12 0.0185 72.15 465.37 33.79 0.24000 -5.620
CeH14 0.0203 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0450 105.73 593.72 29.93 0.13560 -5.120
PC-2 0.0349 136.03 644.98 26.75 0.17580 -14.040
PC-3 0.0264 180.22 713.96 23.29 0.23640 -28.400
PC-4 0.0164 289.08 873.61 18.02 0.39170 -71.100
Table 7C.6b : BIPs for PR EOS model from PnA characterization for fluid 6 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2566  0.0420  0.0400  0.0000
CiHw | 01000 02192  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1801  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1579  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1156  0.0617  0.0428  0.0419  0.0652 0.0620  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.7a : PR EOS model from PnA characterization for fluid 7 in Table 7.2
Saturation pressure (dew point) for this fluid is 312.73 bars at 424.82 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N> 0.0345 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0273 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.5771 16.04 190.60 46.00 0.00800 -5.200
C,He 0.1072 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0599 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0345 58.12 419.95 37.53 0.18780 -6.700
CsH12 0.0184 72.15 465.25 33.79 0.23970 -5.630
CeH14 0.0172 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0453 108.21 594.94 30.51 0.15190 -1.650
PC-2 0.0353 138.84 646.31 27.41 0.19710 -3.300
PC-3 0.0267 183.71 715.87 24.05 0.26500 -4.940
PC-4 0.0166 294.82 878.50 18.96 0.43910 -6.590
Table 7C.7b : BIPs for PR EOS model from PnA characterization for fluid 7 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2605 0.0420  0.0400  0.0000
CiHw | 01000 02223 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1824  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1597 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1156  0.0617  0.0428  0.0419  0.0652 0.0620  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.8a : PR EOS model from PnA characterization for fluid 8 in Table 7.2
Saturation pressure (dew point) for this fluid is 334.86 bars at 403.71 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)

N> 0.0034 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0217 44.01 304.20 73.76 0.22500 -1.640
CH,4 0.7064 16.04 190.60 46.00 0.00800 -5.200
C,He 0.1076 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0494 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0302 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0135 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0090 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0211 106.55 595.72 30.81 0.16050 6.190
PC-2 0.0169 133.35 647.16 27.75 0.20820 15.490
PC-3 0.0129 174.58 717.07 24 .44 0.27990 31.070
PC-4 0.0079 283.21 881.60 19.45 0.46380 78.030

Table 7C.8b : BIPs for PR EOS model from PnA characterization for fluid 8 in Table 7.2

N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4

N 0.0000

ol 0.0000  0.0000

CHa 0.1000  0.1000  0.0000

CzHs 0.1000  0.1450  0.0420  0.0000

CsHs 0.1000 0.2261 0.0420  0.0400  0.0000

CsHio | 01000  0.1948  0.0420 0.0400 0.0300  0.0000

CsHiz | 01000 0.1625 0.0420 0.0400 0.0300 0.0116  0.0000

CeHis | 0.1000 0.1443 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000

PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000

PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000

PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000

PC-4 0.1300 0.1156  0.0617  0.0428  0.0419  0.0652 0.0620  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.9a : PR EOS model from PnA characterization for fluid 9 in Table 7.2
Saturation pressure (dew point) for this fluid is 307.85 bars at 360.93 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N> 0.0000 28.01 126.20 33.94 0.04000
CO, 0.0073 44.01 304.20 73.76 0.22500
CH,4 0.5832 16.04 190.60 46.00 0.00800
C,He 0.1355 30.07 305.40 48.84 0.09800
CsHs 0.0761 44 .10 369.80 42.46 0.15200
C4H1o 0.0403 58.12 425.20 38.00 0.19300
CsH12 0.0241 72.15 469.60 33.74 0.25100
CeH14 0.0190 86.18 595.85 28.89 0.17570
PC-1 0.0457 120.97 595.85 28.92 0.17650
PC-2 0.0329 167.96 663.85 25.11 0.24520
PC-3 0.0230 239.86 755.43 21.11 0.35810
PC-4 0.0129 428.15 946.05 16.05 0.63620
Table 7C.9b : BIPs for PR EOS model from PnA characterization for fluid 9 in Table 7.2
N2 COz CH4 Csz C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1720  0.0420  0.0400  0.0000
CiHw | 01000  0.1529  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1337  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1232 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1314  0.0707 0.0439  0.0544 0.0738  0.0788  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.10a : PR EOS model from PnA characterization for fluid 10 in Table 7.2
Saturation pressure (dew point) for this fluid is 389.90 bars at 406.45 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0082 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0143 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7985 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0840 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0319 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0146 58.12 418.17 37.38 0.18600 -6.490
CsH12 0.0056 72.15 464.84 33.79 0.23860 -5.120
CeH14 0.0041 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0136 115.89 621.80 29.45 0.19260 5.890
PC-2 0.0112 141.58 646.89 28.04 0.21750 10.760
PC-3 0.0087 181.13 716.68 24.78 0.29260 19.900
PC-4 0.0055 285.20 880.60 19.86 0.48470 47.480
Table 7C.10b : BIPs for PR EOS model from PnA characterization for fluid 10 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2303 0.0420  0.0400  0.0000
CsHwo | 01000  0.1981  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1649  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1461 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1156  0.0617  0.0428  0.0419  0.0652 0.0620  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.11a : PR EOS model from PnA characterization for fluid 11 in Table 7.2
Saturation pressure (dew point) for this fluid is 362.66 bars at 374.81 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0223 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0045 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6568 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1170 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0587 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0295 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0142 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0098 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0334 109.59 592.96 30.17 0.14240 6.710
PC-2 0.0251 145.83 667.93 25.74 0.20590 19.410
PC-3 0.0182 201.62 754.90 21.91 0.29040 40.800
PC-4 0.0105 348.74 942.02 16.90 0.48660 103.970
Table 7C.11b : BIPs for PR EOS model from PnA characterization for fluid 11 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1872  0.0420  0.0400  0.0000
CiHwo | 0.1000  0.1645 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1413  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1285 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1244 0.0653 0.0433 0.0468 0.0693 0.0698  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.12a : PR EOS model from PnA characterization for fluid 12 in Table 7.2
Saturation pressure (dew point) for this fluid is 214.78 bars at 435.93 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0567 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0201 44.01 304.20 73.76 0.22500 -1.640
CH4 0.4679 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1265 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0587 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0604 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0392 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0478 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0423 107.64 570.11 30.50 0.15170 0.570
PC-2 0.0348 131.00 621.84 27.39 0.19670 1.310
PC-3 0.0276 164.93 670.10 25.02 0.24200 2.380
PC-4 0.0184 247.51 803.17 20.42 0.37490 5.510
Table 7C.12b : BIPs for PR EOS model from PnA characterization for fluid 12 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2807 0.0420  0.0400  0.0000
CiHwo | 01000 02385 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1944  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1691  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.13a : PR EOS model from PnA characterization for fluid 13 in Table 7.2
Saturation pressure (dew point) for this fluid is 208.58 bars at 435.93 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0567 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0226 44.01 304.20 73.76 0.22500 -1.640
CH4 0.4574 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1147 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0759 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0638 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0431 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0592 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0359 109.83 596.63 30.27 0.14520 8.210
PC-2 0.0300 131.36 648.16 27.14 0.18830 17.370
PC-3 0.0242 162.83 695.76 24.73 0.23160 30.580
PC-4 0.0164 239.95 804.52 20.67 0.33820 66.250
Table 7C.13b : BIPs for PR EOS model from PnA characterization for fluid 13 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2807 0.0420  0.0400  0.0000
CiHwo | 01000 02385 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1944  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1691  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 0.0521  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.14a : PR EOS model from PnA characterization for fluid 14 in Table 7.2
Saturation pressure (dew point) for this fluid is 333.00 bars at 387.59 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0162 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0014 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6306 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1135 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0601 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0331 58.12 418.12 37.37 0.18600 -6.490
CsH12 0.0177 72.15 465.33 33.79 0.23990 -5.120
CeH14 0.0102 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0457 108.24 592.15 29.82 0.13230 0.230
PC-2 0.0336 147.22 666.95 25.31 0.19130 0.730
PC-3 0.0240 206.21 753.24 21.40 0.26970 1.550
PC-4 0.0138 358.66 954.44 15.96 0.46870 4.130
Table 7C.14b : BIPs for PR EOS model from PnA characterization for fluid 14 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2032 0.0420  0.0400  0.0000
CiHw | 01000 0.1769  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1498  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1347 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1259 0.0662  0.0434  0.0480 0.0702  0.0715 0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.15a : PR EOS model from PnA characterization for fluid 15 in Table 7.2
Saturation pressure (dew point) for this fluid is 471.50 bars at 394.00 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0030 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0172 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7908 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0748 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0329 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0177 58.12 420.23 37.56 0.18810 -6.490
CsH12 0.0091 72.15 465.93 33.78 0.24140 -5.120
CeH14 0.0162 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0135 132.14 644.61 28.13 0.22040 10.850
PC-2 0.0110 162.04 691.33 25.83 0.27120 18.540
PC-3 0.0085 208.06 755.74 23.27 0.34660 30.870
PC-4 0.0054 329.21 926.64 18.89 0.55900 68.400
Table 7C.15b : BIPs for PR EOS model from PnA characterization for fluid 15 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 02120 0.0420  0.0400  0.0000
CiHwo | 01000  0.1837  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1546  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1383  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1226  0.0644  0.0431 0.0455 0.0684 0.0680  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.16a : PR EOS model from PnA characterization for fluid 16 in Table 7.2
Saturation pressure (dew point) for this fluid is 388.00 bars at 428.15 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0060 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0334 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7416 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0790 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0415 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0215 58.12 419.55 37.50 0.18740 -6.490
CsH12 0.0119 72.15 465.50 33.78 0.24030 -5.120
CeH14 0.0081 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0204 105.32 596.65 32.01 0.19450 0.130
PC-2 0.0163 131.67 648.17 29.12 0.25230 0.330
PC-3 0.0125 172.22 718.52 26.01 0.33920 0.650
PC-4 0.0077 279.05 865.50 21.80 0.53540 1.530
Table 7C.16b : BIPs for PR EOS model from PnA characterization for fluid 16 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2664 0.0420  0.0400  0.0000
CiHwo | 01000 02270 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1859  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1624 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1126  0.0608  0.0427 0.0408 0.0639  0.0598  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.17a : PR EOS model from PnA characterization for fluid 17 in Table 7.2
Saturation pressure (dew point) for this fluid is 451.27 bars at 358.78 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0012 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0024 44.01 304.20 73.76 0.22500 -1.640
CH4 0.8804 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0461 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0154 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0081 58.12 417.38 37.30 0.18520 -6.490
CsH12 0.0041 72.15 464.89 33.79 0.23870 -5.120
CeH14 0.0031 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0138 113.43 595.12 30.81 0.16040 15.530
PC-2 0.0112 139.77 646.51 27.75 0.20810 32.950
PC-3 0.0087 180.32 716.14 24.44 0.27980 62.370
PC-4 0.0055 287.04 879.22 19.44 0.46360 151.420
Table 7C.17b : BIPs for PR EOS model from PnA characterization for fluid 17 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1698  0.0420  0.0400  0.0000
CiHw | 01000  0.1513  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1326  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1225 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1156  0.0617  0.0428  0.0419  0.0652 0.0620  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.18a : PR EOS model from PnA characterization for fluid 18 in Table 7.2
Saturation pressure (dew point) for this fluid is 539.52 bars at 378.15 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0006 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0087 44.01 304.20 73.76 0.22500 -1.640
CH4 0.8922 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0355 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0168 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0103 58.12 417.38 37.30 0.18520 -6.490
CsH12 0.0046 72.15 464.89 33.79 0.23870 -5.120
CeH14 0.0037 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0093 115.89 622.55 31.79 0.26380 -20.530
PC-2 0.0078 138.16 647.69 30.53 0.29800 -35.400
PC-3 0.0063 172.40 717.83 27.64 0.40070 -62.910
PC-4 0.0041 262.40 844.00 2418 0.60040 -131.640
Table 7C.18b : BIPs for PR EOS model from PnA characterization for fluid 18 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1912  0.0420  0.0400  0.0000
CiHwo | 01000 0.1676  0.0420  0.0400  0.0300  0.0000
CsHiz | 01000  0.1434  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1300 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1091 0.0599 0.0426  0.0398 0.0625 0.0574  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.19a : PR EOS model from PnA characterization for fluid 19 in Table 7.2
Saturation pressure (dew point) for this fluid is 355.77 bars at 357.59 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0008 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0035 44.01 304.20 73.76 0.22500 -1.640
CH4 0.9189 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0183 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0121 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0088 58.12 417.78 37.34 0.18560 -6.490
CsH12 0.0046 72.15 464.75 33.79 0.23830 -5.120
CeH14 0.0039 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0099 110.25 597.53 30.61 0.15480 14.010
PC-2 0.0083 131.86 649.14 27.52 0.20070 29.340
PC-3 0.0066 165.17 696.99 25.16 0.24690 52.150
PC-4 0.0043 252.65 827.73 20.59 0.38260 121.350
Table 7C.19b : BIPs for PR EOS model from PnA characterization for fluid 19 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1687  0.0420  0.0400  0.0000
CiHwo | 01000  0.1504 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1321  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1221  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.20a : PR EOS model from PnA characterization for fluid 20 in Table 7.2
Saturation pressure (dew point) for this fluid is 441.61 bars at 364.22 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0009 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0032 44.01 304.20 73.76 0.22500 -1.640
CH4 0.9165 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0333 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0122 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0065 58.12 416.90 37.26 0.18470 -6.490
CsH12 0.0028 72.15 464.55 33.79 0.23780 -5.120
CeH14 0.0019 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0076 114.82 597.79 32.49 0.20790 -3.370
PC-2 0.0064 135.14 649.41 29.65 0.26960 -6.750
PC-3 0.0052 166.40 697.34 27.51 0.33170 -10.120
PC-4 0.0035 248.47 828.48 23.44 0.51390 -13.500
Table 7C.20b : BIPs for PR EOS model from PnA characterization for fluid 20 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1754 0.0420  0.0400  0.0000
CiHw | 01000 0.1555 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1353  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1243  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.21a : PR EOS model from PnA characterization for fluid 21 in Table 7.2
Saturation pressure (dew point) for this fluid is 334.05 bars at 355.37 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0008 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0028 44.01 304.20 73.76 0.22500 -1.640
CH4 0.9299 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0183 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0117 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0079 58.12 417.74 37.34 0.18560 -6.490
CsH12 0.0041 72.15 464.97 33.79 0.23890 -5.120
CeH14 0.0033 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0070 112.01 598.91 31.08 0.16790 15.580
PC-2 0.0060 130.98 650.64 28.05 0.21780 30.020
PC-3 0.0049 160.21 698.87 25.74 0.26790 51.580
PC-4 0.0033 236.82 810.46 21.86 0.39120 111.710
Table 7C.21b : BIPs for PR EOS model from PnA characterization for fluid 21 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1665 0.0420  0.0400  0.0000
CiHwo | 01000 0.1488  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1310  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1214 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 0.0521  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.22a : PR EOS model from PnA characterization for fluid 22 in Table 7.2
Saturation pressure (dew point) for this fluid is 408.38 bars at 367.59 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0009 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0059 44.01 304.20 73.76 0.22500 -1.640
CH4 0.9164 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0352 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0131 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0069 58.12 417.82 37.34 0.18570 -6.490
CsH12 0.0032 72.15 465.03 33.79 0.23910 -5.120
CeH14 0.0023 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0052 110.91 599.93 34.52 0.26550 34.610
PC-2 0.0045 127.41 626.35 33.15 0.30480 58.550
PC-3 0.0038 152.80 676.34 30.95 0.38390 98.510
PC-4 0.0026 219.17 791.23 27.46 0.58010 206.620
Table 7C.22b : BIPs for PR EOS model from PnA characterization for fluid 22 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1790  0.0420  0.0400  0.0000
CiHwo | 01000 0.1582  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1371  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1256  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492  0.0000 0.0000  0.0000  0.0000  0.0000

306




Table 7C.23a : PR EOS model from PnA characterization for fluid 23 in Table 7.2
Saturation pressure (dew point) for this fluid is 237.36 bars at 366.48 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0194 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0121 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6599 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0869 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0591 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0517 58.12 417.30 37.30 0.18510 -6.490
CsH12 0.0269 72.15 464.23 33.80 0.23700 -5.120
CeH14 0.0181 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0226 102.22 596.85 30.03 0.13820 5.190
PC-2 0.0187 123.30 623.21 28.33 0.15870 12.280
PC-3 0.0149 155.09 672.62 25.57 0.19990 23.910
PC-4 0.0098 236.39 805.08 20.30 0.32200 60.100
Table 7C.23b : BIPs for PR EOS model from PnA characterization for fluid 23 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1778  0.0420  0.0400  0.0000
CiHw | 01000  0.1573  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1365 0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1252 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 0.0521  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.24a : PR EOS model from PnA characterization for fluid 24 in Table 7.2
Saturation pressure (dew point) for this fluid is 278.87 bars at 365.37 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0058 28.01 126.20 33.94 0.04000
CO, 0.1166 44.01 304.20 73.76 0.22500
CH4 0.7533 16.04 190.60 46.00 0.00800
CoHe 0.0544 30.07 305.40 48.84 0.09800
CsHs 0.0249 44 .10 369.80 42.46 0.15200
C4H1o 0.0127 58.12 419.58 37.50 0.18740
CsH12 0.0068 72.15 465.14 33.79 0.23940
CeH14 0.0041 86.18 507.40 29.69 0.29600
PC-1 0.0069 100.34 577.63 35.93 0.22110
PC-2 0.0060 115.02 631.61 32.90 0.29740
PC-3 0.0050 137.65 657.38 31.71 0.33590
PC-4 0.0035 196.75 755.73 28.29 0.49010
Table 7C.24b : BIPs for PR EOS model from PnA characterization for fluid 24 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1766  0.0420  0.0400  0.0000
CiHwo | 01000 0.1564  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1359  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1247 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0040 0.0491 0.0413  0.0317 0.0289  0.0141  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.0814 0.0554 0.0420 0.0353  0.0534  0.0428  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.25a : PR EOS model from PnA characterization for fluid 25 in Table 7.2
Saturation pressure (dew point) for this fluid is 466.42 bars at 410.93 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0031 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0237 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7319 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0780 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0355 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0216 58.12 419.58 37.50 0.18740 -6.490
CsH12 0.0132 72.15 465.14 33.79 0.23940 -5.120
CeH14 0.0109 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0319 118.56 617.20 28.66 0.16880 0.008
PC-2 0.0236 159.73 688.00 24.82 0.23460 0.010
PC-3 0.0169 223.12 770.49 21.42 0.32130 0.012
PC-4 0.0097 390.34 979.53 16.32 0.55720 0.020
Table 7C.25b : BIPs for PR EOS model from PnA characterization for fluid 25 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2373  0.0420  0.0400  0.0000
CiHwo | 01000 02037  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1689  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1492  0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1285 0.0680 0.0436 0.0506 0.0718 0.0746  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.26a : PR EOS model from PnA characterization for fluid 26 in Table 7.2
Saturation pressure (dew point) for this fluid is 276.81 bars at 358.71 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0013 28.01 126.20 33.94 0.04000 0.0013
CO, 0.0018 44.01 304.20 73.76 0.22500 0.0018
CH4 0.6172 16.04 190.60 46.00 0.00800 0.6172
CoHe 0.1410 30.07 305.40 48.84 0.09800 0.1410
CsHs 0.0837 44 .10 369.80 42.46 0.15200 0.0837
C4H1o 0.0443 58.12 421.42 37.66 0.18920 0.0443
CsH12 0.0243 72.15 466.16 33.78 0.24200 0.0243
CeH14 0.0179 86.18 507.40 29.69 0.29600 0.0179
PC-1 0.0238 102.96 600.43 32.17 0.19880 0.0238
PC-2 0.0195 125.54 626.86 30.62 0.22830 0.0195
PC-3 0.0153 159.76 700.94 27.11 0.31720 0.0153
PC-4 0.0099 247.85 836.22 22.95 0.49160 0.0099
Table 7C.26b : BIPs for PR EOS model from PnA characterization for fluid 26 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1698  0.0420  0.0400  0.0000
CiHw | 01000 0.1512  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1326  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1225 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.27a : PR EOS model from PnA characterization for fluid 27 in Table 7.2
Saturation pressure (dew point) for this fluid is 471.05 bars at 436.70 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0056 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0264 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7416 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0768 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0352 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0215 58.12 419.71 37.51 0.18750 -6.490
CsH12 0.0126 72.15 465.51 33.78 0.24030 -5.120
CeH14 0.0093 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0268 117.57 618.06 29.24 0.18630 5.720
PC-2 0.0204 154.28 666.52 26.58 0.23460 12.640
PC-3 0.0150 210.81 752.52 22.89 0.33090 24.930
PC-4 0.0088 359.86 952.28 17.81 0.57500 62.110
Table 7C.27b : BIPs for PR EOS model from PnA characterization for fluid 27 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2822  0.0420  0.0400  0.0000
CiHwo | 01000 02397 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1953  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1698 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1259 0.0662  0.0434  0.0480 0.0702  0.0715 0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.28a : PR EOS model from PnA characterization for fluid 28 in Table 7.2
Saturation pressure (dew point) for this fluid is 344.72 bars at 393.20 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0102 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0108 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7394 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1019 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0568 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0266 58.12 419.03 37.45 0.18690 -6.490
CsH12 0.0114 72.15 465.16 33.79 0.23940 -5.120
CeH14 0.0063 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0124 104.03 600.68 33.61 0.23960 8.770
PC-2 0.0104 124.06 627.11 32.17 0.27500 18.780
PC-3 0.0083 154.89 677.24 29.85 0.34650 34.890
PC-4 0.0055 235.89 815.07 25.61 0.55810 81.630
Table 7C.28b : BIPs for PR EOS model from PnA characterization for fluid 28 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2108  0.0420  0.0400  0.0000
CiHwo | 01000 0.1828  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1540  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1378 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 0.0521  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.29a : PR EOS model from PnA characterization for fluid 29 in Table 7.2
Saturation pressure (dew point) for this fluid is 396.48 bars at 377.60 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0050 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0206 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7617 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0774 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0357 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0196 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0113 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0102 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0212 98.31 571.04 34.28 0.17780 24.040
PC-2 0.0171 122.22 625.18 30.98 0.23920 28.960
PC-3 0.0131 158.87 698.70 27.53 0.33240 36.360
PC-4 0.0082 254.91 831.41 23.46 0.51510 58.230
Table 7C.29b : BIPs for PR EOS model from PnA characterization for fluid 29 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1906  0.0420  0.0400  0.0000
CiHwo | 01000  0.1671  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1431  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1298  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0040 0.0491 0.0413 0.0317 0.0289  0.0141  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.30a : PR EOS model from PnA characterization for fluid 30 in Table 7.2
Saturation pressure (dew point) for this fluid is 283.35 bars at 377.60 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0054 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0314 44.01 304.20 73.76 0.22500 -1.640
CH4 0.8354 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0663 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0268 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0121 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0055 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0025 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0046 99.90 575.59 37.58 0.26440 -41.580
PC-2 0.0041 113.02 603.14 36.09 0.30980 -85.450
PC-3 0.0035 133.21 655.25 33.75 0.40180 -159.680
PC-4 0.0025 185.80 752.25 30.73 0.58620 -348.720
Table 7C.30b : BIPs for PR EOS model from PnA characterization for fluid 30 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1906  0.0420  0.0400  0.0000
CiHwo | 01000  0.1671  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1431  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1298  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0040 0.0491 0.0413 0.0317 0.0289  0.0141  0.0000  0.0000
PC-2 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186 0.0000 0.0000  0.0000
PC-3 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.0814 0.0554 0.0420 0.0353  0.0534  0.0428  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.31a : PR EOS model from PnA characterization for fluid 31 in Table 7.2
Saturation pressure (dew point) for this fluid is 471.04 bars at 377.04 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0010 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0062 44.01 304.20 73.76 0.22500 -1.640
CH4 0.8099 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0664 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0341 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0187 58.12 413.96 37.00 0.18180 -6.490
CsH12 0.0088 72.15 463.92 33.80 0.23620 -5.120
CeH14 0.0085 86.00 507.40 29.69 0.29600 1.390
PC-1 0.0164 108.23 596.12 32.33 0.20360 6.360
PC-2 0.0133 133.61 647.60 29.48 0.26400 14.670
PC-3 0.0103 172.69 717.70 26.43 0.35500 28.380
PC-4 0.0064 275.55 863.59 22.31 0.56030 65.350
Table 7C.31b : BIPs for PR EOS model from PnA characterization for fluid 31 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1899  0.0420  0.0400  0.0000
CiHwo | 01000 0.1665 0.0420 0.0400 0.0300  0.0000
CsHz | 01000 0.1427 0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1295 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1126  0.0608  0.0427 0.0408 0.0639  0.0598  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.32a : PR EOS model from PnA characterization for fluid 32 in Table 7.2
Saturation pressure (dew point) for this fluid is 399.40 bars at 392.10 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0071 28.01 126.20 33.94 0.04000
CO, 0.0864 44.01 304.20 73.76 0.22500
CH4 0.7085 16.04 190.60 46.00 0.00800
CoHe 0.0853 30.07 305.40 48.84 0.09800
CsHs 0.0495 44 .10 369.80 42.46 0.15200
C4H1o 0.0201 58.12 418.82 37.43 0.18670
CsH12 0.0081 72.15 464.94 33.79 0.23890
CeH14 0.0046 86.18 507.40 29.69 0.29600
PC-1 0.0101 116.66 625.38 32.42 0.28270
PC-2 0.0086 137.27 650.72 31.20 0.31940
PC-3 0.0070 168.84 698.97 29.21 0.39290
PC-4 0.0047 251.47 831.98 25.50 0.60890
Table 7C.32b : BIPs for PR EOS model from PnA characterization for fluid 32 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.2093 0.0420  0.0400  0.0000
CiHw | 01000 0.1816  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1532  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1372  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.33a : PR EOS model from PnA characterization for fluid 33 in Table 7.2
Saturation pressure (dew point) for this fluid is 307.00 bars at 381.00 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0020 28.01 126.20 33.94 0.04000
CO, 0.0201 44.01 304.20 73.76 0.22500
CH4 0.6750 16.04 190.60 46.00 0.00800
CoHe 0.0931 30.07 305.40 48.84 0.09800
CsHs 0.0541 44 .10 369.80 42.46 0.15200
C4H1o 0.0353 58.12 418.81 37.43 0.18660
CsH12 0.0148 72.15 464.63 33.79 0.23800
CeH14 0.0151 86.18 507.40 29.69 0.29600
PC-1 0.0340 107.66 593.51 29.77 0.13090
PC-2 0.0260 140.93 644.75 26.56 0.16980
PC-3 0.0191 191.65 735.11 22.16 0.24770
PC-4 0.0113 323.76 909.36 16.92 0.41340
Table 7C.33b : BIPs for PR EOS model from PnA characterization for fluid 33 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1948  0.0420  0.0400  0.0000
CiHw | 01000  0.1703  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1453  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1314 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1206 0.0635 0.0430 0.0443 0.0674 0.0662  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.34a : PR EOS model from PnA characterization for fluid 34 in Table 7.2
Saturation pressure (dew point) for this fluid is 359.00 bars at 381.00 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0023 28.01 126.20 33.94 0.04000
CO, 0.0212 44.01 304.20 73.76 0.22500
CH4 0.7315 16.04 190.60 46.00 0.00800
CoHe 0.0939 30.07 305.40 48.84 0.09800
CsHs 0.0486 44 .10 369.80 42.46 0.15200
C4H1o 0.0180 58.12 418.97 37.45 0.18680
CsH12 0.0109 72.15 464.54 33.80 0.23780
CeH14 0.0093 86.18 507.40 29.69 0.29600
PC-1 0.0235 111.00 594.60 30.36 0.14780
PC-2 0.0185 141.05 645.94 27.24 0.19170
PC-3 0.0139 187.12 737.04 22.97 0.27960
PC-4 0.0085 307.85 895.95 18.30 0.44700
Table 7C.34b : BIPs for PR EOS model from PnA characterization for fluid 34 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1948  0.0420  0.0400  0.0000
CiHw | 01000  0.1703  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1453  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1314 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1183 0.0626 0.0429  0.0431  0.0663 0.0642  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.35a : PR EOS model from PnA characterization for fluid 35 in Table 7.2
Saturation pressure (dew point) for this fluid is 207.00 bars at 333.00 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0220 28.01 126.20 33.94 0.04000
CO, 0.0006 44.01 304.20 73.76 0.22500
CH4 0.7417 16.04 190.60 46.00 0.00800
CoHe 0.1127 30.07 305.40 48.84 0.09800
CsHs 0.0575 44 .10 369.80 42.46 0.15200
C4H1o 0.0298 58.12 417.51 37.32 0.18540
CsH12 0.0099 72.15 465.88 33.78 0.24130
CeH14 0.0058 86.18 507.40 29.69 0.29600
PC-1 0.0063 91.57 579.74 34.72 0.18940
PC-2 0.0056 103.92 607.12 32.98 0.22190
PC-3 0.0047 122.90 633.66 31.50 0.25480
PC-4 0.0034 172.32 734.80 27.28 0.38710
Table 7C.35b : BIPs for PR EOS model from PnA characterization for fluid 35 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1481  0.0420  0.0400  0.0000
CiHw | 01000 0.1355 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1232  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1167 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0040 0.0491 0.0413  0.0317 0.0289  0.0141  0.0000  0.0000
PC-2 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186 0.0000 0.0000  0.0000
PC-3 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.0731 0.0545 0.0419 0.0346  0.0510 0.0393  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.36a : PR EOS model from PnA characterization for fluid 36 in Table 7.2
Saturation pressure (dew point) for this fluid is 314.97 bars at 366.48 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0042 28.01 126.20 33.94 0.04000
CO, 0.0050 44.01 304.20 73.76 0.22500
CH4 0.6146 16.04 190.60 46.00 0.00800
CoHe 0.1485 30.07 305.40 48.84 0.09800
CsHs 0.0529 44 .10 369.80 42.46 0.15200
C4H1o 0.0367 58.12 423.20 37.82 0.19100
CsH12 0.0210 72.15 465.92 33.78 0.24140
CeH14 0.0168 86.18 507.40 29.69 0.64960
PC-1 0.0384 112.27 592.66 30.06 0.13920
PC-2 0.0288 149.60 667.57 25.60 0.20120
PC-3 0.0209 206.48 754.29 21.74 0.28380
PC-4 0.0122 354.52 957.55 16.39 0.49310
Table 7C.36b : BIPs for PR EOS model from PnA characterization for fluid 36 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1778  0.0420  0.0400  0.0000
CiHw | 01000  0.1573  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1365 0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1252 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1259 0.0662  0.0434  0.0480 0.0702  0.0715 0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.37a : PR EOS model from PnA characterization for fluid 37 in Table 7.2
Saturation pressure (dew point) for this fluid is 857.75 bars at 399.82 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0019 28.01 126.20 33.94 0.04000
CO, 0.0102 44.01 304.20 73.76 0.22500
CH4 0.8673 16.04 190.60 46.00 0.00800
CoHe 0.0248 30.07 305.40 48.84 0.09800
CsHs 0.0127 44 .10 369.80 42.46 0.15200
C4H1o 0.0108 58.12 413.96 37.00 0.18180
CsH12 0.0034 72.15 463.92 33.80 0.23620
CeH14 0.0019 86.18 507.40 29.69 0.29600
PC-1 0.0276 179.23 697.92 22.39 0.20240
PC-2 0.0192 257.57 802.18 17.93 0.30320
PC-3 0.0131 377.36 914.50 14.65 0.42560
PC-4 0.0072 690.90 1164.42 10.95 0.67670
Table 7C.37b : BIPs for PR EOS model from PnA characterization for fluid 37 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.2203 0.0420  0.0400  0.0000
CsHwo | 01000  0.1902  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1592  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1418 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393  0.0000  0.0000
PC-2 0.1300  0.1091 0.0599 0.0426 0.0398 0.0625 0.0574 0.0000 0.0000  0.0000
PC-3 0.1300 0.1273 0.0671 0.0435 0.0493 0.0710 00731 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1384 0.0878 0.0460 0.0710 0.0810  0.0953  0.0000  0.0000  0.0000  0.0000  0.0000

321




Table 7C.38a : PR EOS model from PnA characterization for fluid 38 in Table 7.2
Saturation pressure (dew point) for this fluid is 241.72 bars at 377.04 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0168 28.01 126.20 33.94 0.04000
CO, 0.0023 44.01 304.20 73.76 0.22500
CH4 0.5609 16.04 190.60 46.00 0.00800
CoHe 0.1348 30.07 305.40 48.84 0.09800
CsHs 0.0845 44 .10 369.80 42.46 0.15200
C4H1o 0.0514 58.12 417.65 37.33 0.18550
CsH12 0.0228 72.15 464.48 33.80 0.23760
CeH14 0.0145 86.18 507.40 29.69 0.29600
PC-1 0.0410 102.37 554.69 30.51 0.15180
PC-2 0.0320 131.13 606.40 27.40 0.19690
PC-3 0.0241 174.15 677.72 24.04 0.26480
PC-4 0.0148 283.26 849.59 18.95 0.43880
Table 7C.38b : BIPs for PR EOS model from PnA characterization for fluid 38 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1899  0.0420  0.0400  0.0000
CiHwo | 01000 0.1665 0.0420 0.0400 0.0300  0.0000
CsHz | 01000 0.1427 0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1295 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1156  0.0617  0.0428  0.0419  0.0652 0.0620  0.0000  0.0000  0.0000  0.0000  0.0000

322




Table 7C.39a : PR EOS model from PnA characterization for fluid 39 in Table 7.2
Saturation pressure (dew point) for this fluid is 354.65 bars at 422.59 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0349 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0270 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6507 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1050 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0497 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0282 58.12 419.44 37.49 0.18730 -6.490
CsH12 0.0155 72.15 465.03 33.79 0.23910 -5.120
CeH14 0.0125 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0284 111.29 593.80 30.33 0.14690 0.780
PC-2 0.0220 143.49 668.94 25.93 0.21250 2.050
PC-3 0.0164 192.87 735.62 22.93 0.27800 3.960
PC-4 0.0098 322.24 910.74 17.87 0.46410 9.910
Table 7C.39b : BIPs for PR EOS model from PnA characterization for fluid 39 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2566  0.0420  0.0400  0.0000
CiHw | 01000 02192  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1801  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1579  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1206 0.0635 0.0430 0.0443 0.0674 0.0662  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.40a : PR EOS model from PnA characterization for fluid 40 in Table 7.2
Saturation pressure (dew point) for this fluid is 382.31 bars at 420.93 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0307 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0292 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6877 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0977 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0409 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0223 58.12 419.76 37.52 0.18760 -6.490
CsH12 0.0119 72.15 465.19 33.79 0.23950 -5.120
CeH14 0.0090 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0261 112.99 593.77 30.45 0.15010 0.000
PC-2 0.0203 145.27 668.90 26.07 0.21710 0.000
PC-3 0.0151 194.74 735.57 23.08 0.28410 0.000
PC-4 0.0091 324.37 910.60 18.06 0.47410 0.000
Table 7C.40b : BIPs for PR EOS model from PnA characterization for fluid 40 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2538  0.0420  0.0400  0.0000
CiHw | 01000 02169 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1785 0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1566 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1206 0.0635 0.0430 0.0443 0.0674 0.0662  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.41a : PR EOS model from PnA characterization for fluid 41 in Table 7.2
Saturation pressure (dew point) for this fluid is 311.71 bars at 424.82 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0345 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0273 44.01 304.20 73.76 0.22500 -1.640
CH4 0.5771 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1072 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0599 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0345 58.12 419.95 37.53 0.18780 -6.490
CsH12 0.0184 72.15 465.25 33.79 0.23970 -5.120
CeH14 0.0172 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0471 107.91 592.54 29.78 0.13140 0.710
PC-2 0.0355 143.33 667.42 25.27 0.19000 2.140
PC-3 0.0259 196.25 733.38 22.18 0.24850 4.250
PC-4 0.0154 330.70 922.26 16.57 0.43200 11.230
Table 7C.41b : BIPs for PR EOS model from PnA characterization for fluid 41 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2605 0.0420  0.0400  0.0000
CiHw | 01000 02223 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1824  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1597 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1226  0.0644  0.0431 0.0455 0.0684 0.0680  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.42a : PR EOS model from PnA characterization for fluid 42 in Table 7.2
Saturation pressure (dew point) for this fluid is 355.29 bars at 424.82 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0349 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0270 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6507 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1050 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0497 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0282 58.12 419.44 37.49 0.18730 -6.490
CsH12 0.0153 72.15 465.03 33.79 0.23910 -5.120
CeH14 0.0125 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0285 111.82 593.80 30.36 0.14760 0.000
PC-2 0.0220 144.36 668.94 25.96 0.21350 0.000
PC-3 0.0164 194.23 735.62 22.96 0.27930 0.000
PC-4 0.0098 324.87 910.73 17.91 0.46620 0.000
Table 7C.42b : BIPs for PR EOS model from PnA characterization for fluid 42 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2605 0.0420  0.0400  0.0000
CiHw | 01000 02223 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1824  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1597 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1206 0.0635 0.0430 0.0443 0.0674 0.0662  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.43a : PR EOS model from PnA characterization for fluid 43 in Table 7.2
Saturation pressure (dew point) for this fluid is 381.76 bars at 412.59 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0345 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0279 44.01 304.20 73.76 0.22500 -1.640
CH4 0.7798 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0884 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0288 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0131 58.12 417.89 37.35 0.18570 -6.490
CsH12 0.0052 72.15 464.12 33.80 0.23670 -5.120
CeH14 0.0032 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0062 120.53 625.23 33.56 0.31720 -24.600
PC-2 0.0054 138.88 650.56 32.40 0.35840 -37.610
PC-3 0.0045 167.03 698.76 30.54 0.44080 -58.860
PC-4 0.0031 240.57 810.26 27.54 0.64360 -114.380
Table 7C.43b : BIPs for PR EOS model from PnA characterization for fluid 43 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.2400 0.0420  0.0400  0.0000
CiHw | 01000 02058 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1704  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1504 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 00275 0.0000 0.0000  0.0000
PC-3 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 0.0521  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.44a : PR EOS model from PnA characterization for fluid 44 in Table 7.2
Saturation pressure (dew point) for this fluid is 385.44 bars at 404.82 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0042 28.01 126.20 33.94 0.04000
CO, 0.0157 44.01 304.20 73.76 0.22500
CH4 0.7498 16.04 190.60 46.00 0.00800
CoHe 0.0634 30.07 305.40 48.84 0.09800
CsHs 0.0319 44 .10 369.80 42.46 0.15200
C4H1o 0.0295 58.12 415.99 37.18 0.18380
CsH12 0.0171 72.15 463.87 33.80 0.23600
CeH14 0.0135 86.18 507.40 29.69 0.29600
PC-1 0.0280 111.64 593.22 30.22 0.14360
PC-2 0.0215 145.09 668.24 25.79 0.20770
PC-3 0.0159 196.36 734.59 22.77 0.27180
PC-4 0.0095 330.69 925.81 17.31 0.47240
Table 7C.44b : BIPs for PR EOS model from PnA characterization for fluid 44 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2278  0.0420  0.0400  0.0000
CiHwo | 01000  0.1961  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1634  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1450 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 00428 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1226  0.0644  0.0431 0.0455 0.0684 0.0680  0.0000  0.0000  0.0000  0.0000  0.0000

328




Table 7C.45a : PR EOS model from PnA characterization for fluid 45 in Table 7.2
Saturation pressure (dew point) for this fluid is 362.68 bars at 374.82 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0223 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0045 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6568 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1170 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0587 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0295 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0142 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0098 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0331 110.54 592.92 30.15 0.14180 -5.150
PC-2 0.0251 145.98 667.87 25.72 0.20510 -14.400
PC-3 0.0183 200.28 754.80 21.87 0.28910 -30.000
PC-4 0.0107 342.54 941.75 16.86 0.48460 -76.180
Table 7C.45b : BIPs for PR EOS model from PnA characterization for fluid 45 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1873  0.0420  0.0400  0.0000
CiHwo | 01000  0.1645 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1413  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1285 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000  0.0000
PC-3 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1244 0.0653 0.0433 0.0468 0.0693 0.0698  0.0000 0.0000  0.0000  0.0000  0.0000

329




Table 7C.46a : PR EOS model from PnA characterization for fluid 46 in Table 7.2
Saturation pressure (dew point) for this fluid is 254.57 bars at 352.59 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0050 28.01 126.20 33.94 0.04000
CO, 0.0062 44.01 304.20 73.76 0.22500
CH4 0.7433 16.04 190.60 46.00 0.00800
CoHe 0.0871 30.07 305.40 48.84 0.09800
CsHs 0.0527 44 .10 369.80 42.46 0.15200
C4H1o 0.0282 58.12 419.93 37.53 0.18780
CsH12 0.0167 72.15 465.17 33.79 0.23940
CeH14 0.0106 86.18 507.40 29.69 0.29600
PC-1 0.0172 97.28 571.14 32.51 0.13150
PC-2 0.0143 116.98 625.28 28.93 0.17680
PC-3 0.0114 147.00 675.07 26.23 0.22280
PC-4 0.0074 225.00 788.80 21.77 0.33660
Table 7C.46b : BIPs for PR EOS model from PnA characterization for fluid 46 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1639  0.0420  0.0400  0.0000
CiHw | 01000 0.1469 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1298  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1207 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0040 0.0491 0.0413  0.0317 0.0289  0.0141  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.47a : PR EOS model from PnA characterization for fluid 47 in Table 7.2
Saturation pressure (dew point) for this fluid is 281.03 bars at 355.65 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0008 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0244 44.01 304.20 73.76 0.22500 -1.640
CH4 0.8210 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0578 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0287 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0179 58.12 413.96 37.00 0.18180 -6.490
CsH12 0.0112 72.15 463.92 33.80 0.23620 -5.120
CeH14 0.0072 86.00 507.40 29.69 0.29600 1.390
PC-1 0.0103 98.85 572.45 33.12 0.14730 19.780
PC-2 0.0088 116.53 626.55 29.63 0.19820 39.560
PC-3 0.0071 143.74 676.58 27.02 0.24960 59.330
PC-4 0.0048 215.15 791.69 22.72 0.37720 79.110
Table 7C.47b : BIPs for PR EOS model from PnA characterization for fluid 47 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1668  0.0420  0.0400  0.0000
CiHio | 01000  0.1490 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1312  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1215 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0040 0.0491 0.0413  0.0317 0.0289  0.0141  0.0000  0.0000
PC-2 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 00231 0.0000 0.0000  0.0000
PC-3 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 00317 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.48a : PR EOS model from PnA characterization for fluid 48 in Table 7.2
Saturation pressure (dew point) for this fluid is 467.00 bars at 364.15 K.
Components Z MW Tc Pc w CreN
(g/mol) (K) (bars) (CC/Mol)
N, 0.0057 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0144 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6878 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0671 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0403 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0273 58.12 413.96 37.00 0.18180 -6.490
CsH12 0.0164 72.15 463.92 33.80 0.23620 -5.120
CeH14 0.0099 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0524 113.11 590.22 30.67 0.15640 0.090
PC-2 0.0375 158.11 687.02 25.23 0.24960 0.280
PC-3 0.0263 225.23 768.82 21.89 0.34180 0.560
PC-4 0.0150 396.07 990.10 16.67 0.61130 1.450
Table 7C.48b : BIPs for PR EOS model from PnA characterization for fluid 48 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
CO2 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
C2Hs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1753  0.0420  0.0400  0.0000
CiHw | 01000 0.1554  0.0420  0.0400 0.0300  0.0000
CsHiz | 01000 0.1353  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1243  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1296 0.0689  0.0437 0.0519 0.0725 0.0761  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.49a : PR EOS model from PnA characterization for fluid 49 in Table 7.2
Saturation pressure (bubble point) for this fluid is 455.38 bars at 354.82 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0088 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0018 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6801 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0740 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0475 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0276 58.12 420.80 37.61 0.18860 -6.490
CsH12 0.0175 72.15 466.13 33.78 0.24190 -5.120
CeH14 0.0135 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0533 124.28 614.53 28.44 0.16205 0.890
PC-2 0.0369 179.57 705.57 23.55 0.24620 1.500
PC-3 0.0252 262.90 818.25 19.31 0.36889 2.600
PC-4 0.0139 477.66 1047.17 14.64 0.63035 3.500
Table 7C.49b : BIPs for PR EOS model from PnA characterization for fluid 49 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1660  0.0420  0.0400  0.0000
CiHio | 0.1000  0.1484 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1308  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1213  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000  0.0000
PC-3 0.1300 0.1091 0.0599 0.0426 0.0398 0.0625 0.0574 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1335 0.0734 0.0442 0.0581 0.0755 0.0823  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.50a : PR EOS model from PnA characterization for fluid 50 in Table 7.2
Saturation pressure (bubble point) for this fluid is 315.62 bars at 425.93 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0065 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0019 44.01 304.20 73.76 0.22500 -1.640
CH4 0.5318 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1156 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0762 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0500 58.12 419.01 37.45 0.18680 -6.490
CsH12 0.0260 72.15 465.32 33.79 0.23980 -5.120
CeH14 0.0199 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0721 129.93 638.75 26.23 0.15890 4.860
PC-2 0.0488 192.13 725.30 21.76 0.23190 5.850
PC-3 0.0330 284.34 850.75 17.28 0.35420 7.350
PC-4 0.0181 518.05 1084.33 12.89 0.58450 11.770
Table 7C.50b : BIPs for PR EOS model from PnA characterization for fluid 50 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2625 0.0420  0.0400  0.0000
CiHio | 01000 02238 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1836  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1606 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000  0.0000
PC-3 0.1300 0.1156 0.0617 0.0428 0.0419 0.0652 0.0620 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1350 0.0761 0.0446 0.0615 0.0769  0.0854  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.51a : PR EOS model from PnA characterization for fluid 51 in Table 7.2
Saturation pressure (bubble point) for this fluid is 302.67 bars at 408.70 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0000 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0584 44.01 304.20 73.76 0.22500 -1.640
CH4 0.5043 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0965 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0875 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0589 58.12 418.35 37.39 0.18620 -6.490
CsH12 0.0295 72.15 464.67 33.79 0.23810 -5.120
CeH14 0.0229 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0554 117.36 618.51 28.86 0.17470 -6.590
PC-2 0.0407 159.75 689.76 25.04 0.24280 -16.780
PC-3 0.0291 223.20 773.46 21.68 0.33250 -32.760
PC-4 0.0169 385.02 988.48 16.64 0.57660 -82.110
Table 7C.51b : BIPs for PR EOS model from PnA characterization for fluid 51 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2338  0.0420  0.0400  0.0000
CiHwo | 01000 02009 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1669  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1476  0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1285 0.0680 0.0436 0.0506 0.0718 0.0746  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.52a : PR EOS model from PnA characterization for fluid 52 in Table 7.2
Saturation pressure (bubble point) for this fluid is 313.15 bars at 393.70 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0011 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0214 44.01 304.20 73.76 0.22500 -1.640
CH4 0.5559 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0870 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0589 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0405 58.12 419.46 37.49 0.18730 -6.490
CsH12 0.0253 72.15 465.35 33.79 0.23990 -5.120
CeH14 0.0197 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0765 119.41 617.17 28.42 0.16160 -22.280
PC-2 0.0539 169.32 687.97 24.54 0.22450 -44.550
PC-3 0.0379 240.96 789.61 20.43 0.32780 -66.830
PC-4 0.0219 416.17 1011.00 15.43 0.56630 -89.100
Table 7C.52b : BIPs for PR EOS model from PnA characterization for fluid 52 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2115 0.0420  0.0400  0.0000
CiHwo | 01000 0.1834  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1544  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1381  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1306 0.0698 0.0438 0.0532 0.0732 0.0774 0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.53a : PR EOS model from PnA characterization for fluid 53 in Table 7.2
Saturation pressure (bubble point) for this fluid is 280.98 bars at 346.48 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0155 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0029 44.01 304.20 73.76 0.22500 -1.640
CH4 0.5197 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1172 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0923 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0413 58.12 419.46 37.49 0.18730 -6.490
CsH12 0.0182 72.15 465.35 33.79 0.23990 -5.120
CeH14 0.0159 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0713 114.89 591.65 30.33 0.14680 5.060
PC-2 0.0504 162.58 688.96 24.81 0.23420 10.120
PC-3 0.0352 232.31 791.52 20.75 0.34200 15.190
PC-4 0.0202 406.11 1000.67 16.05 0.57370 20.250
Table 7C.53b : BIPs for PR EOS model from PnA characterization for fluid 53 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1585 0.0420  0.0400  0.0000
CiHio | 01000  0.1429  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1274  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1191  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1296 0.0689  0.0437 0.0519 0.0725 0.0761  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.54a : PR EOS model from PnA characterization for fluid 54 in Table 7.2
Saturation pressure (bubble point) for this fluid is 389.30 bars at 424.25 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0046 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0336 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6223 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0888 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0530 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0298 58.12 419.98 37.54 0.18780 -6.490
CsH12 0.0158 72.15 465.35 33.79 0.23990 -5.120
CeH14 0.0104 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0584 117.59 615.12 28.02 0.14920 5.080
PC-2 0.0404 169.86 685.22 24.06 0.20740 14.220
PC-3 0.0276 248.61 802.47 19.25 0.32130 31.610
PC-4 0.0152 451.58 1038.65 14.09 0.56660 83.260
Table 7C.54b : BIPs for PR EOS model from PnA characterization for fluid 54 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2595 0.0420  0.0400  0.0000
CiHw | 01000 02215 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1818  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1592  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1329 0.0725 0.0441 0.0569 0.0749  0.0812  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.55a : PR EOS model from PnA characterization for fluid 55 in Table 7.2
Saturation pressure (bubble point) for this fluid is 331.63 bars at 374.82 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0027 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0024 44.01 304.20 73.76 0.22500 -1.640
CH4 0.6683 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0828 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0515 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0331 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0204 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0185 86.18 507.40 29.69 0.29600 1.390
PC-1 0.0470 116.43 617.57 27.79 0.14230 4.940
PC-2 0.0344 158.90 688.50 23.79 0.19780 12.960
PC-3 0.0246 222.46 771.33 20.24 0.27090 25.850
PC-4 0.0142 384.52 982.07 14.87 0.46980 67.660
Table 7C.55b : BIPs for PR EOS model from PnA characterization for fluid 55 in Table 7.2
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1873  0.0420  0.0400  0.0000
CiHwo | 01000  0.1645 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1413  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1285 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1285 0.0680 0.0436 0.0506 0.0718 0.0746  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.1a : PR EOS model from PnA characterization for oil 1 in Table 7.3
Saturation pressure (bubble point) for this fluid is 96.90 bars at 374.85 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0018 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0082 44.01 304.20 73.76 0.22500 -1.640
CH4 0.2292 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0721 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0737 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0681 58.12 421.23 37.65 0.18910 -6.490
CsH12 0.0585 72.15 466.06 33.78 0.24180 -5.120
CeH14 0.0484 86.00 507.40 29.69 0.29600 1.390
PC-1 0.1871 151.53 661.61 24.76 0.17250 7.100
PC-2 0.1207 234.84 781.28 19.31 0.27780 18.530
PC-3 0.0831 341.02 912.58 15.49 0.40760 35.930
PC-4 0.0491 577.74 1145.28 11.98 0.62340 77.260
Table 7C.1b : BIPs for PR EOS model from PnA characterization for oil 1 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1873  0.0420  0.0400  0.0000
CiHwo | 01000  0.1645 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1414  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1286 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0532 0.0527 0.0417 0.0334  0.0452 0.0317  0.0000  0.0000
PC-2 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000  0.0000
PC-3 0.1300 0.1244 0.0653 0.0433 0.0468 0.0693 00698 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1368 0.0806 0.0451 0.0661 0.0788  0.0898  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.2a : PR EOS model from PnA characterization for oil 2 in Table 7.3
Saturation pressure (bubble point) for this fluid is 117.70 bars at 372.05 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0020 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0134 44.01 304.20 73.76 0.22500 -1.640
CH4 0.2364 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0856 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0668 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0530 58.12 421.17 37.64 0.18900 -6.490
CsH12 0.0445 72.15 465.92 33.78 0.24140 -5.120
CeH14 0.0403 86.00 507.40 29.69 0.29600 1.390
PC-1 0.1954 149.10 662.72 25.82 0.20850 -3.930
PC-2 0.1252 232.78 783.69 20.61 0.33590 -10.240
PC-3 0.0863 337.73 902.06 17.34 0.47420 -18.690
PC-4 0.0512 569.16 1145.01 13.82 0.74120 -39.400
Table 7C.2b : BIPs for PR EOS model from PnA characterization for oil 2 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1840  0.0420  0.0400  0.0000
CiHw | 01000 0.1620 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1397 0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1274 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 0.0317  0.0000  0.0000
PC-2 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000  0.0000
PC-3 0.1300 0.1226 0.0644 0.0431 0.0455 0.0684 00680 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1365 0.0797 0.0450 0.0653 0.0784  0.0890  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.3a : PR EOS model from PnA characterization for oil 3 in Table 7.3
Saturation pressure (bubble point) for this fluid is 255.60 bars at 387.35 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0045 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0164 44.01 304.20 73.76 0.22500 -1.640
CH4 0.4585 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0715 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0674 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0395 58.12 421.56 37.68 0.18940 -6.490
CsH12 0.0268 72.15 466.06 33.78 0.24180 -5.120
CeH14 0.0252 86.00 507.40 29.69 0.29600 1.390
PC-1 0.1211 129.45 640.30 26.98 0.18330 -3.530
PC-2 0.0809 193.79 727.84 22.66 0.26740 -9.310
PC-3 0.0558 280.81 839.32 18.81 0.38900 -18.320
PC-4 0.0324 483.29 1072.22 14.48 0.64570 -42.450
Table 7C.3b : BIPs for PR EOS model from PnA characterization for oil 3 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2029 0.0420  0.0400  0.0000
CiHwo | 01000 0.1766  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1497  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1346  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000  0.0000
PC-3 0.1300 0.1126 0.0608  0.0427 0.0408 0.0639 0.0598 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1341  0.0743  0.0444 0.0592 0.0760 0.0834  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.4a : PR EOS model from PnA characterization for oil 4 in Table 7.3
Saturation pressure (bubble point) for this fluid is 320.20 bars at 388.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0035 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0314 44.01 304.20 73.76 0.22500 -1.640
CH4 0.5426 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0857 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0572 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0321 58.12 421.15 37.64 0.18900 -6.490
CsH12 0.0195 72.15 466.06 33.78 0.24180 -5.120
CeH14 0.0153 86.00 507.40 29.69 0.29600 1.390
PC-1 0.0889 121.73 615.55 28.23 0.15580 -3.350
PC-2 0.0599 180.66 707.12 23.30 0.23670 -9.820
PC-3 0.0409 264.90 821.51 19.01 0.35460 -20.630
PC-4 0.0230 470.89 1056.93 14.28 0.60590 -50.990
Table 7C.4b : BIPs for PR EOS model from PnA characterization for oil 4 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2040 0.0420  0.0400  0.0000
CiHwo | 01000  0.1775 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1502  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1350 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000  0.0000
PC-3 0.1300 0.1091 0.0599 0.0426 0.0398 0.0625 0.0574 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1335 0.0734 0.0442 0.0581 0.0755 0.0823  0.0000 0.0000  0.0000  0.0000  0.0000

343




Table 7C.5a : PR EOS model from PnA characterization for oil 5 in Table 7.3
Saturation pressure (bubble point) for this fluid is 145.80 bars at 394.25 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0045 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0207 44.01 304.20 73.76 0.22500 -1.640
CH4 0.2658 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0789 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0673 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0538 58.12 420.48 37.58 0.18830 -6.490
CsH12 0.0444 72.15 465.59 33.78 0.24050 -5.120
CeH14 0.0335 86.00 507.40 29.69 0.29600 1.390
PC-1 0.1838 144.13 662.45 25.72 0.20530 -1.380
PC-2 0.1181 224.25 764.65 21.16 0.31020 -3.510
PC-3 0.0812 326.21 900.87 17.21 0.46700 -6.870
PC-4 0.0479 553.33 1128.92 13.80 0.71720 -14.360
Table 7C.5b : BIPs for PR EOS model from PnA characterization for oil 5 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2123  0.0420  0.0400  0.0000
CiHwo | 01000  0.1840 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1548  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1385 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0532 0.0527 0.0417 0.0334  0.0452 0.0317  0.0000  0.0000
PC-2 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000  0.0000
PC-3 0.1300 0.1226 0.0644 0.0431 0.0455 0.0684 00680 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1362 0.0788 0.0449 0.0644 0.0781 0.0882  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.6a : PR EOS model from PnA characterization for oil 6 in Table 7.3
Saturation pressure (bubble point) for this fluid is 172.90 bars at 383.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0000 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0077 44.01 304.20 73.76 0.22500 -1.640
CH4 0.3620 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0974 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0675 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0496 58.12 424 .46 37.93 0.19230 -6.490
CsH12 0.0389 72.15 462.98 33.81 0.23370 -5.120
CeH14 0.0329 86.00 507.40 29.69 0.29600 1.390
PC-1 0.1429 132.44 640.32 26.53 0.16880 3.630
PC-2 0.0955 198.14 727.86 22.12 0.24630 9.360
PC-3 0.0664 284.84 856.51 17.71 0.37620 19.210
PC-4 0.0392 482.42 1072.36 13.74 0.59480 42.810
Table 7C.6b : BIPs for PR EOS model from PnA characterization for oil 6 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1975 0.0420  0.0400  0.0000
CiHw | 01000 0.1724  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1467  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1325 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000  0.0000
PC-3 0.1300 0.1156 0.0617 0.0428 0.0419 0.0652 0.0620 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1341 0.0743  0.0444 0.0592 0.0760 0.0834  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.7a : PR EOS model from PnA characterization for oil 7 in Table 7.3
Saturation pressure (bubble point) for this fluid is 153.90 bars at 393.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0000 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0213 44.01 304.20 73.76 0.22500 -1.640
CH4 0.3128 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0751 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0693 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0626 58.12 424 .46 37.93 0.19230 -6.490
CsH12 0.0474 72.15 462.98 33.81 0.23370 -5.120
CeH14 0.0437 86.00 507.40 29.69 0.29600 1.390
PC-1 0.1461 126.76 618.26 28.63 0.16770 -5.290
PC-2 0.1025 180.82 711.28 23.78 0.25480 -13.830
PC-3 0.0738 251.06 811.51 20.12 0.36120 -26.260
PC-4 0.0454 407.94 1003.21 16.01 0.57100 -57.050
Table 7C.7b : BIPs for PR EOS model from PnA characterization for oil 7 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2108  0.0420  0.0400  0.0000
CiHwo | 01000 0.1828  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1539  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1378 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000  0.0000
PC-3 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1296 0.0689  0.0437 0.0519 0.0725 0.0761  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.8a : PR EOS model from PnA characterization for oil 8 in Table 7.3
Saturation pressure (bubble point) for this fluid is 245.70 bars at 373.75 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0027 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0293 44.01 304.20 73.76 0.22500 -1.640
CH4 0.3828 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0722 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0574 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0511 58.12 419.95 37.53 0.18780 -6.490
CsH12 0.0411 72.15 469.50 33.74 0.25070 -5.120
CeH14 0.0315 86.18 507.40 29.69 0.29600 1.390
PC-1 0.1327 123.84 617.78 28.57 0.16600 -2.070
PC-2 0.0926 177.39 710.53 23.71 0.25220 -5.610
PC-3 0.0663 247.89 810.11 20.04 0.35750 -10.810
PC-4 0.0403 407.20 999.67 15.91 0.56510 -23.720
Table 7C.8b : BIPs for PR EOS model from PnA characterization for oil 8 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2244  0.0420  0.0400  0.0000
CiHwo | 01000 0.1935 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1616  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1436  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000  0.0000
PC-3 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1296 0.0689  0.0437 0.0519 0.0725 0.0761  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.9a : PR EOS model from PnA characterization for oil 9 in Table 7.3
Saturation pressure (bubble point) for this fluid is 202.08 bars at 402.59 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0027 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0293 44.01 304.20 73.76 0.22500 -1.640
CH4 0.3828 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0722 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0574 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0511 58.12 419.95 37.53 0.18780 -6.490
CsH12 0.0411 72.15 469.50 33.74 0.25070 -5.120
CeH14 0.0315 86.18 507.40 29.69 0.29600 1.390
PC-1 0.1327 123.84 617.78 28.57 0.16600 -2.070
PC-2 0.0926 177.39 710.53 23.71 0.25220 -5.610
PC-3 0.0663 247.89 810.11 20.04 0.35750 -10.810
PC-4 0.0403 407.20 999.67 15.91 0.56510 -23.720
Table 7C.9b : BIPs for PR EOS model from PnA characterization for oil 9 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1860  0.0420  0.0400  0.0000
CiHw | 01000 0.1635 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1407 0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1281 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000  0.0000
PC-3 0.1300 0.1126 0.0608  0.0427 0.0408 0.0639 0.0598 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1341  0.0743  0.0444 0.0592 0.0760 0.0834  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.10a : PR EOS model from PnA characterization for oil 10 in Table 7.3
Saturation pressure (bubble point) for this fluid is 246.00 bars at 368.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0027 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0079 44.01 304.20 73.76 0.22500 -1.640
CH4 0.4562 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0609 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0443 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0313 58.12 420.46 37.58 0.18830 -6.490
CsH12 0.0236 72.15 465.87 33.78 0.24130 -5.120
CeH14 0.0210 86.18 507.40 29.69 0.29600 1.390
PC-1 0.1491 134.58 639.30 27.14 0.18850 -0.340
PC-2 0.0969 207.11 745.83 22.05 0.29640 -0.940
PC-3 0.0668 300.45 869.23 18.16 0.43970 -1.850
PC-4 0.0394 509.87 1090.03 14.44 0.69340 -3.970
Table 7C.10b : BIPs for PR EOS model from PnA characterization for oil 10 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1797  0.0420  0.0400  0.0000
CiHwo | 01000 0.1587  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1374  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1258 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000  0.0000
PC-3 0.1300 0.1183 0.0626 0.0429 0.0431 0.0663 00642 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1350 0.0761 0.0446 0.0615 0.0769  0.0854  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.11a : PR EOS model from PnA characterization for oil 11 in Table 7.3
Saturation pressure (bubble point) for this fluid is 22.10 bars at 344.26 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0034 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0025 44.01 304.20 73.76 0.22500 -1.640
CH4 0.0407 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0311 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0488 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0567 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0551 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0551 86.18 507.40 29.69 0.29600 1.390
PC-1 0.2821 142.71 643.85 28.16 0.22130 -20.810
PC-2 0.1915 210.24 754.33 23.30 0.34800 -29.460
PC-3 0.1410 285.55 869.48 20.03 0.49320 -39.510
PC-4 0.0920 437.58 1057.62 16.96 0.72540 -56.770
Table 7C.11b : BIPs for PR EOS model from PnA characterization for oil 11 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1566  0.0420  0.0400  0.0000
CiHwo | 01000  0.1416  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1266  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1186 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0694 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.1115 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000  0.0000
PC-3 0.1300 0.1291 0.0617 0.0428 0.0419 0.0652 00620 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1376  0.0716  0.0440  0.0557  0.0744  0.0800  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.12a : PR EOS model from PnA characterization for oil 12 in Table 7.3
Saturation pressure (bubble point) for this fluid is 142.00 bars at 394.00 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0036 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0299 44.01 304.20 73.76 0.22500 -1.640
CH4 0.2907 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0716 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0658 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0608 58.12 420.01 37.54 0.18780 -6.490
CsH12 0.0514 72.15 465.53 33.78 0.24040 -5.120
CeH14 0.0410 86.18 507.40 29.69 0.29600 1.390
PC-1 0.1552 128.84 616.91 28.14 0.15290 -2.930
PC-2 0.1071 186.78 730.04 22.27 0.25210 -8.270
PC-3 0.0764 261.80 825.88 18.87 0.34810 -15.470
PC-4 0.0466 429.35 1024.47 14.72 0.55130 -34.160
Table 7C.12b : BIPs for PR EOS model from PnA characterization for oil 12 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 02120 0.0420  0.0400  0.0000
CiHwo | 01000  0.1837  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1546  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1383  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000  0.0000
PC-3 0.1300 0.1091 0.0599 0.0426 0.0398 0.0625 0.0574 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1314  0.0707 0.0439 0.0544 0.0738 0.0788  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.13a : PR EOS model from PnA characterization for oil 13 in Table 7.3
Saturation pressure (bubble point) for this fluid is 328.50 bars at 444.26 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0025 28.01 126.20 33.94 0.04000
CO, 0.0360 44.01 304.20 73.76 0.22500
CH4 0.5686 16.04 190.60 46.00 0.00800
CoHe 0.0937 30.07 305.40 48.84 0.09800
CsHs 0.0548 44.10 369.80 42.46 0.15200
C4H1o 0.0407 58.12 419.07 37.45 0.18690
CsH12 0.0259 72.15 465.34 33.79 0.23990
CeH14 0.0126 86.00 507.40 29.69 0.29600
PC-1 0.0659 114.86 590.34 29.83 0.13250
PC-2 0.0471 160.74 687.18 24.17 0.21150
PC-3 0.0332 227.97 788.10 20.00 0.30880
PC-4 0.0191 395.73 990.98 15.15 0.51800
Table 7C.13b : BIPs for PR EOS model from PnA characterization for oil 13 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2968 0.0420  0.0400  0.0000
CiHw | 01000 02515 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.2041  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1768 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0166 0.0500 0.0414 0.0320 0.0337 0.0186  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1296 0.0689  0.0437 0.0519 0.0725 0.0761  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.14a : PR EOS model from PnA characterization for oil 14 in Table 7.3
Saturation pressure (bubble point) for this fluid is 327.81 bars at 366.48 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0058 28.01 126.20 33.94 0.04000
CO, 0.0032 44.01 304.20 73.76 0.22500
CH4 0.5450 16.04 190.60 46.00 0.00800
CoHe 0.0809 30.07 305.40 48.84 0.09800
CsHs 0.0582 44 .10 369.80 42.46 0.15200
C4H1o 0.0295 58.12 420.68 37.60 0.18850
CsH12 0.0259 72.15 466.26 33.78 0.24230
CeH14 0.0239 86.00 507.40 29.69 0.29600
PC-1 0.0939 126.84 615.48 28.71 0.17010
PC-2 0.0640 186.24 727.54 22.99 0.28040
PC-3 0.0443 269.16 838.71 19.20 0.40780
PC-4 0.0255 467.26 1056.28 15.11 0.66160
Table 7C.14b : BIPs for PR EOS model from PnA characterization for oil 14 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1778  0.0420  0.0400  0.0000
CiHw | 01000  0.1573  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1365 0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1252 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000  0.0000
PC-3 0.1300 0.1126 0.0608  0.0427 0.0408 0.0639 0.0598 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1335 0.0734 0.0442 0.0581 0.0755 0.0823  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.15a : PR EOS model from PnA characterization for oil 15 in Table 7.3
Saturation pressure (bubble point) for this fluid is 319.53 bars at 380.37 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0000 28.01 126.20 33.94 0.04000
CO, 0.0000 44.01 304.20 73.76 0.22500
CH4 0.5039 16.04 190.60 46.00 0.00800
CoHe 0.0882 30.07 305.40 48.84 0.09800
CsHs 0.0591 44 .10 369.80 42.46 0.15200
C4H1o 0.0417 58.12 421.55 37.68 0.18940
CsH12 0.0223 72.15 465.72 33.78 0.24090
CeH14 0.0136 86.18 507.40 29.69 0.29600
PC-1 0.1201 140.90 636.43 27.04 0.18530
PC-2 0.0748 226.19 758.77 21.20 0.31220
PC-3 0.0492 344.09 902.17 16.93 0.48830
PC-4 0.0271 625.69 1153.82 13.30 0.78180
Table 7C.15b : BIPs for PR EOS model from PnA characterization for oil 15 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1940  0.0420  0.0400  0.0000
CiHwo | 01000  0.1697  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1449  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1311  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000  0.0000
PC-3 0.1300 0.1244 0.0653 0.0433 0.0468 0.0693 00698 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1375 0.0833 0.0455 0.0683 0.0797 0.0920  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.16a : PR EOS model from PnA characterization for oil 16 in Table 7.3
Saturation pressure (bubble point) for this fluid is 314.71 bars at 423.71 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0046 28.01 126.20 33.94 0.04000
CO, 0.0134 44.01 304.20 73.76 0.22500
CH4 0.4901 16.04 190.60 46.00 0.00800
CoHe 0.0704 30.07 305.40 48.84 0.09800
CsHs 0.0493 44.10 369.80 42.46 0.15200
C4H1o 0.0347 58.12 420.48 37.58 0.18830
CsH12 0.0268 72.15 465.62 33.78 0.24060
CeH14 0.0334 86.00 507.40 29.69 0.29600
PC-1 0.1195 145.09 660.18 25.59 0.20080
PC-2 0.0769 225.64 760.33 21.00 0.30340
PC-3 0.0517 335.46 891.13 17.02 0.45670
PC-4 0.0292 593.77 1140.82 13.23 0.73750
Table 7C.16b : BIPs for PR EOS model from PnA characterization for oil 16 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.2586  0.0420  0.0400  0.0000
CiHwo | 01000 02207 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1813  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1588 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 0.0317  0.0000  0.0000
PC-2 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000  0.0000
PC-3 0.1300 0.1226 0.0644 0.0431 0.0455 0.0684 00680 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1371 0.0815 0.0452 0.0669  0.0791  0.0906  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.17a : PR EOS model from PnA characterization for oil 17 in Table 7.3
Saturation pressure (bubble point) for this fluid is 210.00 bars at 376.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0092 28.01 126.20 33.94 0.04000
CO, 0.0032 44.01 304.20 73.76 0.22500
CH4 0.4125 16.04 190.60 46.00 0.00800
CoHe 0.0868 30.07 305.40 48.84 0.09800
CsHs 0.0727 44 .10 369.80 42.46 0.15200
C4H1o 0.0490 58.12 420.42 37.58 0.18820
CsH12 0.0289 72.15 465.24 33.79 0.23960
CeH14 0.0429 86.18 507.40 29.69 0.29600
PC-1 0.1160 122.65 618.55 28.70 0.17000
PC-2 0.0826 172.17 711.71 23.87 0.25830
PC-3 0.0597 238.35 793.15 20.82 0.34500
PC-4 0.0365 389.37 988.75 16.39 0.56110
Table 7C.17b : BIPs for PR EOS model from PnA characterization for oil 17 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1888  0.0420  0.0400  0.0000
CiHw | 01000 0.1657  0.0420 0.0400  0.0300  0.0000
CsHiz | 01000 0.1422  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1291  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000  0.0000
PC-3 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1285 0.0680 0.0436 0.0506 0.0718 0.0746  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.18a : PR EOS model from PnA characterization for oil 18 in Table 7.3
Saturation pressure (bubble point) for this fluid is 204.80 bars at 375.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0098 28.01 126.20 33.94 0.04000 0.0098
CO, 0.0037 44.01 304.20 73.76 0.22500 0.0037
CH4 0.4179 16.04 190.60 46.00 0.00800 0.4179
CoHe 0.0887 30.07 305.40 48.84 0.09800 0.0887
CsHs 0.0711 44.10 369.80 42.46 0.15200 0.0711
C4H1o 0.0522 58.12 420.39 37.57 0.18820 0.0522
CsH12 0.0288 72.15 465.61 33.78 0.24060 0.0288
CeH14 0.0430 86.18 507.40 29.69 0.29600 0.0430
PC-1 0.1143 127.07 616.92 28.15 0.15330 0.1143
PC-2 0.0798 181.94 709.22 23.20 0.23290 0.0798
PC-3 0.0567 256.15 825.91 18.89 0.34890 0.0567
PC-4 0.0340 427.75 1024.54 14.74 0.55260 0.0340
Table 7C.18b : BIPs for PR EOS model from PnA characterization for oil 18 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1876  0.0420  0.0400  0.0000
CiHio | 0.1000 0.1648  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1415 0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1287 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0731 0.0545 0.0419 0.0346 0.0510 0.0393 0.0000 0.0000  0.0000
PC-3 0.1300 0.1091 0.0599 0.0426 0.0398 0.0625 0.0574 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1314  0.0707 0.0439 0.0544 0.0738 0.0788  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.19a : PR EOS model from PnA characterization for oil 19 in Table 7.3
Saturation pressure (bubble point) for this fluid is 339.90 bars at 379.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0069 28.01 126.20 33.94 0.04000
CO, 0.0038 44.01 304.20 73.76 0.22500
CH4 0.5941 16.04 190.60 46.00 0.00800
CoHe 0.0815 30.07 305.40 48.84 0.09800
CsHs 0.0499 44.10 369.80 42.46 0.15200
C4H1o 0.0371 58.12 419.90 37.53 0.18770
CsH12 0.0197 72.15 465.07 33.79 0.23920
CeH14 0.0317 86.18 507.40 29.69 0.29600
PC-1 0.0692 120.91 617.61 28.63 0.16780
PC-2 0.0498 168.21 688.55 24.78 0.23320
PC-3 0.0355 236.06 790.73 20.72 0.34050
PC-4 0.0208 401.52 998.44 16.01 0.57120
Table 7C.19b : BIPs for PR EOS model from PnA characterization for oil 19 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1925 0.0420  0.0400  0.0000
CiHwo | 0.1000 0.1685 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1441  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1305 0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1296 0.0689  0.0437 0.0519 0.0725 0.0761  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.20a : PR EOS model from PnA characterization for oil 20 in Table 7.3
Saturation pressure (bubble point) for this fluid is 191.30 bars at 333.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0000 28.01 126.20 33.94 0.04000
CO, 0.0000 44.01 304.20 73.76 0.22500
CH4 0.4270 16.04 190.60 46.00 0.00800
CoHe 0.1250 30.07 305.40 48.84 0.09800
CsHs 0.1020 44.10 369.80 42.46 0.15200
C4H1o 0.0620 58.12 425.20 38.00 0.19300
CsH12 0.0380 72.15 469.60 33.74 0.25100
CeH14 0.0330 86.18 507.40 29.69 0.29600
PC-1 0.0841 120.96 619.70 29.19 0.18470
PC-2 0.0604 168.39 691.36 25.43 0.25670
PC-3 0.0431 236.03 796.10 21.49 0.37480
PC-4 0.0254 400.07 1013.67 16.95 0.62870
Table 7C.20b : BIPs for PR EOS model from PnA characterization for oil 20 in Table 7.3
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1482  0.0420  0.0400  0.0000
CiHwo | 01000 0.1356  0.0420  0.0400 0.0300  0.0000
CsHiz | 01000 0.1232  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1168 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0294 0.0509 0.0415 0.0324 0.0380 0.0231  0.0000  0.0000
PC-2 0.1300 0.0637 0.0536 0.0418 0.0339 0.0482 00356 0.0000 0.0000  0.0000
PC-3 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1296 0.0689  0.0437 0.0519 0.0725 0.0761  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.1a : PR EOS model from PnA characterization for oil 1 in Table 7.4
Saturation pressure (bubble point) for this fluid is 117.54 bars at 299.81 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0003 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0002 44.01 304.20 73.76 0.22500 -1.640
CH4 0.3825 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0086 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0036 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0018 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0006 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0020 86.18 507.40 29.69 0.29600 1.390
PC-1 0.2748 201.93 734.23 20.65 0.23870 13.200
PC-2 0.1560 355.66 897.81 15.03 0.41480 22.180
PC-3 0.1059 523.98 1036.19 12.37 0.56970 31.110
PC-4 0.0636 872.32 1263.45 10.23 0.76240 45.860
Table 7C.1b : BIPs for PR EOS model from PnA characterization for oil 1 in Table 7.4
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1313  0.0420  0.0400  0.0000
CiHwo | 01000  0.1249  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1192  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1166  0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461  0.0000  0.0000
PC-2 0.1300 0.1259 0.0662 0.0434 0.0480 0.0702 00715 0.0000 0.0000  0.0000
PC-3 0.1300 0.1355 0.0770 0.0447 0.0625 0.0773 00864 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1397 0.0995 0.0474 0.0738 0.0835 0.1016  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.2a : PR EOS model from PnA characterization for oil 2 in Table 7.4
Saturation pressure (bubble point) for this fluid is 227.20 bars at 347.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0049 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0031 44.01 304.20 73.76 0.22500 -1.640
CH4 0.4401 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0384 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0112 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0133 58.12 417.36 37.30 0.18520 -6.490
CsH12 0.0104 72.15 463.50 33.81 0.23510 -5.120
CeH14 0.0101 86.00 507.40 29.69 0.29600 1.390
PC-1 0.2019 141.88 637.91 27.30 0.19350 -2.470
PC-2 0.1260 227.35 779.98 20.88 0.34750 -7.450
PC-3 0.0874 327.83 894.67 17.64 0.49060 -13.530
PC-4 0.0530 540.80 1101.11 14.42 0.73990 -26.890
Table 7C.2b : BIPs for PR EOS model from PnA characterization for oil 2 in Table 7.4
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1591  0.0420  0.0400  0.0000
CiHwo | 01000  0.1433  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1277  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1193  0.0420 0.0400 0.0300 0.0155 0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000  0.0000
PC-3 0.1300 0.1226 0.0644 0.0431 0.0455 0.0684 00680 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1358 0.0779 0.0448 0.0635 0.0777 0.0873  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.3a : PR EOS model from PnA characterization for oil 3 in Table 7.4
Saturation pressure (bubble point) for this fluid is 107.30 bars at 305.45 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0105 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0006 44.01 304.20 73.76 0.22500 -1.640
CH4 0.3050 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0003 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0002 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0005 58.12 425.20 38.00 0.19300 -6.490
CsH12 0.0008 72.15 469.60 33.74 0.25100 -5.120
CeH14 0.0033 86.00 507.40 29.69 0.29600 1.390
PC-1 0.3105 245.95 778.03 19.01 0.30990 -2.300
PC-2 0.1753 435.53 940.26 14.21 0.51870 -6.820
PC-3 0.1200 636.50 1080.81 11.97 0.69550 -13.600
PC-4 0.0730 1046.09 1285.03 10.41 0.85940 -28.400
Table 7C.3b : BIPs for PR EOS model from PnA characterization for oil 3 in Table 7.4
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1332  0.0420  0.0400  0.0000
CiHw | 01000 0.1260 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1192  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1160 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.1050 0.0590 0.0425 0.0387 0.0610 0.0548  0.0000  0.0000
PC-2 0.1300 0.1314 0.0707 0.0439 0.0544 0.0738 00788 0.0000 0.0000  0.0000
PC-3 0.1300 0.1377 0.0842 0.0456 0.0690  0.0800  0.0927 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1403 01103  0.0488 0.0742 0.0849  0.1057  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.4a : PR EOS model from PnA characterization for oil 4 in Table 7.4
Saturation pressure (bubble point) for 31.7% CO2, 34.3% butane, and 34% oil
mixture is 56.64 bars at 347.67 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
\P
CO,
CH,
CzHg
CsHg
C4H10
CsHi2
C6H14
PC-1 0.4270 282.77 827.18 17.09 0.30450
PC-2 0.2592 465.87 1025.15 12.62 0.49400
PC-3 0.1891 638.54 1168.25 10.93 0.61380
PC-4 0.1247 968.53 1399.00 9.51 0.74290
Table 7C.4b : BIPs for PR EOS model from PnA characterization for oil 4 in Table 7.4
N2 COz CH4 Csz C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1595 0.0420  0.0400  0.0000
CiHwo | 01000  0.1437  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1279  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1194 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.1126 0.0608  0.0427 0.0408 0.0639 0.0598  0.0000  0.0000
PC-2 0.1300 0.1335 0.0734 0.0442 0.0581 0.0755 0.0823 0.0000 0.0000  0.0000
PC-3 0.1300 0.1377 0.0842 0.0456 0.0690  0.0800  0.0927 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300  0.1401  0.1049  0.0481 0.0741 0.0842 0.1038  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.5a : PR EOS model from PnA characterization for oil 5 in Table 7.4
Saturation pressure (bubble point) for 40.71% propane and 59.29% bitumen
mixture is 10.82 bars at 333.15 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
\P
CO,
CH,
CzHg
CsHg
C4H10
CsHi2
C6H14
PC-1 0.4001 345.52 917.92 14.34 0.34270 58.290
PC-2 0.2616 528.46 1105.49 11.22 0.48800 113.110
PC-3 0.1995 692.98 1258.72 9.83 0.58490 165.310
PC-4 0.1388 996.26 1490.02 8.67 0.67880 252.650
Table 7C.5b : BIPs for PR EOS model from PnA characterization for oil 5 in Table 7.4
N2 COz CH4 Csz C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1482  0.0420  0.0400  0.0000
CiHwo | 01000 0.1356  0.0420  0.0400 0.0300  0.0000
CsHiz | 01000 0.1232  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1168 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.1244 0.0653 0.0433 0.0468 0.0693 0.0698  0.0000  0.0000
PC-2 0.1300 0.1355 0.0770  0.0447 0.0625 0.0773 0.0864 0.0000 0.0000  0.0000
PC-3 0.1300 0.1384 0.0878 0.0460 0.0710 0.0810 0.0953 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1401  0.1067 0.0483 0.0741 0.0845 0.1044  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.6a : PR EOS model from PnA characterization for oil 6 in Table 7.4
Saturation pressure (bubble point) for 21.83% methane and 78.17% bitumen
mixture is 50.50 bars at 326.65 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
\P
CO,
CH,
CzHg
CsHg
C4H10
CsHi2
C6H14
PC-1 0.4001 330.22 865.14 14.20 0.30170 65.690
PC-2 0.2616 505.03 1001.44 10.98 0.42850 124.980
PC-3 0.1995 662.27 1113.86 9.40 0.52240 183.160
PC-4 0.1388 952.11 1268.28 8.15 0.61330 274.900
Table 7C.6b : BIPs for PR EOS model from PnA characterization for oil 6 in Table 7.4
N2 COz CH4 Csz C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1439  0.0420  0.0400  0.0000
CiHw | 01000  0.1326  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000  0.1217  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1161  0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.1226 0.0644 0.0431 0.0455 0.0684 0.0680  0.0000  0.0000
PC-2 0.1300 0.1346  0.0752 0.0445 0.0604 0.0764 0.0844 0.0000 0.0000  0.0000
PC-3 0.1300 0.1381 0.0860 0.0458 0.0701 0.0806 0.0940 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300  0.1400 0.1040  0.0480 0.0740  0.0841 0.1034  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.1a : PR EOS model from PnA characterization for oil 1 in Table 7.5
Saturation pressure (bubble point) for this fluid is 51.27 bars at 314.26 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0050 28.01 126.20 33.94 0.04000 0.0050
CO, 0.0040 44.01 304.20 73.76 0.22500 0.0040
CH4 0.1270 16.04 190.60 46.00 0.00800 0.1270
CoHe 0.0670 30.07 305.40 48.84 0.09800 0.0670
CsHs 0.0690 44 .10 369.80 42.46 0.15200 0.0690
C4H1o 0.0620 58.12 420.86 37.62 0.18870 0.0620
CsH12 0.0520 72.15 465.39 33.79 0.24000 0.0520
CeH14 0.0290 86.00 507.40 29.69 0.29600 0.0290
PC-1 0.2420 136.83 643.09 28.20 0.22266 0.2420
PC-2 0.1590 207.56 752.91 23.35 0.35009 0.1590
PC-3 0.1140 291.23 866.68 20.09 0.49613 0.1140
PC-4 0.0710 467.50 1082.97 16.67 0.76665 0.0710
Table 7C.1b : BIPs for PR EOS model from PnA characterization for oil 1 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1370  0.0420  0.0400  0.0000
CiHio | 01000 0.1282  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1198  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1157 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000  0.0000
PC-3 0.1300 0.1156  0.0617 0.0428 0.0419 0.0652 0.0620 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1335 0.0734 0.0442 0.0581 0.0755 0.0823  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.2a : PR EOS model from PnA characterization for oil 2 in Table 7.5
Saturation pressure (bubble point) for this fluid is 47.00 bars at 314.26 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0052 28.01 126.20 33.94 0.04000
CO, 0.0056 44.01 304.20 73.76 0.22500
CH4 0.1543 16.04 190.60 46.00 0.00800
CoHe 0.0726 30.07 305.40 48.84 0.09800
CsHs 0.0614 44 .10 369.80 42.46 0.15200
C4H1o 0.0459 58.12 423.38 37.84 0.19120
CsH12 0.0405 72.15 466.51 33.78 0.24290
CeH14 0.0361 86.00 507.40 29.69 0.29600
PC-1 0.2393 140.79 640.11 25.94 0.14960
PC-2 0.1572 214.39 766.57 19.80 0.25200
PC-3 0.1120 300.73 872.49 16.41 0.34880
PC-4 0.0699 481.87 1070.39 12.74 0.52690
Table 7C.2b : BIPs for PR EOS model from PnA characterization for oil 2 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1370  0.0420  0.0400  0.0000
CiHio | 01000 0.1282  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1198  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1157 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000  0.0000
PC-3 0.1300 0.1183 0.0626 0.0429  0.0431 0.0663 0.0642 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1341  0.0743  0.0444 0.0592 0.0760 0.0834  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.3a : PR EOS model from PnA characterization for oil 3 in Table 7.5
Saturation pressure (bubble point) for this fluid is 63.85 bars at 313.70 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0000 28.01 126.20 33.94 0.04000
CO, 0.0001 44.01 304.20 73.76 0.22500
CH4 0.1830 16.04 190.60 46.00 0.00800
CoHe 0.0780 30.07 305.40 48.84 0.09800
CsHs 0.0790 44.10 369.80 42.46 0.15200
C4H1o 0.0540 58.12 423.14 37.82 0.19090
CsH12 0.0340 72.15 465.17 33.79 0.23950
CeH14 0.0380 86.00 507.40 29.69 0.29600
PC-1 0.2220 138.27 642.36 27.58 0.20280
PC-2 0.1450 210.83 751.54 22.60 0.31880
PC-3 0.1030 298.23 881.55 18.80 0.47290
PC-4 0.0630 484.84 1091.63 15.49 0.71440
Table 7C.3b : BIPs for PR EOS model from PnA characterization for oil 3 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1368  0.0420  0.0400  0.0000
CiHwo | 01000 0.1280 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1197  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1157 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000  0.0000
PC-3 0.1300 0.1183 0.0626 0.0429 0.0431 0.0663 00642 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1341  0.0743  0.0444 0.0592 0.0760 0.0834  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.4a : PR EOS model from PnA characterization for oil 4 in Table 7.5
Saturation pressure (bubble point) for this fluid is 42.20 bars at 313.70 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0000 28.01 126.20 33.94 0.04000
CO, 0.0000 44.01 304.20 73.76 0.22500
CH4 0.1262 16.04 190.60 46.00 0.00800
CoHe 0.0380 30.07 305.40 48.84 0.09800
CsHs 0.0480 44.10 369.80 42.46 0.15200
C4H1o 0.0401 58.12 420.55 37.59 0.18840
CsH12 0.0340 72.15 465.43 33.79 0.24010
CeH14 0.0244 86.00 507.40 29.69 0.29600
PC-1 0.2881 147.74 664.84 26.47 0.23100
PC-2 0.1849 230.24 788.27 21.43 0.37208
PC-3 0.1324 321.51 894.50 18.62 0.50445
PC-4 0.0839 507.08 1111.46 15.41 0.76189
Table 7C.4b : BIPs for PR EOS model from PnA characterization for oil 4 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1368  0.0420  0.0400  0.0000
CiHwo | 01000 0.1280 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1197  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1157 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0532 0.0527 0.0417 0.0334  0.0452 0.0317  0.0000  0.0000
PC-2 0.1300 0.1003 0.0581 0.0424 0.0378 0.0594 00521 0.0000 0.0000  0.0000
PC-3 0.1300 0.1206 0.0635 0.0430 0.0443 0.0674 00662 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1350 0.0761 0.0446 0.0615 0.0769  0.0854  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.5a : PR EOS model from PnA characterization for oil 5 in Table 7.5
Saturation pressure (bubble point) for this fluid is 39.02 bars at 313.70 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0040 28.01 126.20 33.94 0.04000
CO, 0.0297 44.01 304.20 73.76 0.22500
CH4 0.0861 16.04 190.60 46.00 0.00800
CoHe 0.0739 30.07 305.40 48.84 0.09800
CsHs 0.0764 44 .10 369.80 42.46 0.15200
C4H1o 0.0722 58.12 422.95 37.80 0.19080
CsH12 0.0543 72.15 466.91 33.77 0.24400
CeH14 0.0406 86.00 507.40 29.69 0.29600
PC-1 0.2324 138.61 644.14 28.07 0.21845
PC-2 0.1539 209.40 754.86 23.19 0.34347
PC-3 0.1092 295.15 870.52 19.90 0.48674
PC-4 0.0673 478.67 1092.38 16.46 0.75214
Table 7C.5b : BIPs for PR EOS model from PnA characterization for oil 5 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1368  0.0420  0.0400  0.0000
CiHwo | 01000 0.1280 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1197  0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1157 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000  0.0000
PC-3 0.1300 0.1156  0.0617 0.0428 0.0419 0.0652 0.0620 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1335 0.0734 0.0442 0.0581 0.0755 0.0823  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.6a : PR EOS model from PnA characterization for oil 6 in Table 7.5
Saturation pressure (bubble point) for this fluid is 59.87 bars at 301.48 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0019 28.01 126.20 33.94 0.04000
CO, 0.0044 44.01 304.20 73.76 0.22500
CH4 0.2028 16.04 190.60 46.00 0.00800
CoHe 0.0592 30.07 305.40 48.84 0.09800
CsHs 0.0590 44.10 369.80 42.46 0.15200
C4H1o 0.0559 58.12 420.73 37.60 0.18860
CsH12 0.0492 72.15 464.86 33.79 0.23860
CeH14 0.0436 86.00 507.40 29.69 0.29600
PC-1 0.2150 139.57 642.10 26.97 0.18282
PC-2 0.1433 209.36 751.06 21.83 0.28746
PC-3 0.1023 293.39 863.05 18.33 0.40737
PC-4 0.0635 472.23 1074.09 14.63 0.62949
Table 7C.6b : BIPs for PR EOS model from PnA characterization for oil 6 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000 0.1318  0.0420  0.0400  0.0000
CiHw | 01000 0.1252  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1192  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1164 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000  0.0000
PC-3 0.1300 0.1156  0.0617 0.0428 0.0419 0.0652 0.0620 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1335 0.0734 0.0442 0.0581 0.0755 0.0823  0.0000 0.0000  0.0000  0.0000  0.0000
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Table 7C.7a : PR EOS model from PnA characterization for oil 7 in Table 7.5
Saturation pressure (bubble point) for this fluid is 30.82 bars at 316.48 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0038 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0135 44.01 304.20 73.76 0.22500 -1.640
CH4 0.0694 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.1006 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.0739 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0771 58.12 422.54 37.76 0.19040 -6.490
CsH12 0.0631 72.15 466.46 33.77 0.24280 -5.120
CeH14 0.0545 86.00 507.40 29.69 0.29600 1.390
PC-1 0.2276 148.17 665.80 25.75 0.20634 -1.380
PC-2 0.1487 226.75 771.06 21.19 0.31175 -1.950
PC-3 0.1043 323.35 898.28 17.62 0.45059 -2.730
PC-4 0.0633 532.71 1135.18 14.11 0.69431 -4.300
Table 7C.7b : BIPs for PR EOS model from PnA characterization for oil 7 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1381  0.0420  0.0400  0.0000
CiHwo | 01000 0.1289  0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1200 0.0420  0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1156 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0532 0.0527 0.0417 0.0334 0.0452 0.0317  0.0000  0.0000
PC-2 0.1300 0.0949 0.0572 0.0423 0.0369 0.0576 0.0492 0.0000 0.0000  0.0000
PC-3 0.1300 0.1206 0.0635 0.0430 0.0443 0.0674 00662 0.0000 0.0000 0.0000  0.0000
PC-4 0.1300 0.1355 0.0770  0.0447 0.0625 0.0773  0.0864  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.8a : PR EOS model from PnA characterization for oil 8 in Table 7.5
Saturation pressure (bubble point) for this fluid is 55.35 bars at 307.60 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0048 28.01 126.20 33.94 0.04000
CO, 0.0011 44.01 304.20 73.76 0.22500
CH4 0.1630 16.04 190.60 46.00 0.00800
CoHe 0.0403 30.07 305.40 48.84 0.09800
CsHs 0.0297 44 .10 369.80 42.46 0.15200
C4H1o 0.0365 58.12 423.51 37.85 0.19130
CsH12 0.0373 72.15 465.70 33.78 0.24080
CeH14 0.0332 86.00 507.40 29.69 0.29600
PC-1 0.2648 140.17 642.41 27.67 0.20553
PC-2 0.1767 210.11 751.65 22.70 0.32316
PC-3 0.1290 287.66 864.20 19.33 0.45796
PC-4 0.0836 44423 1045.98 16.16 0.67352
Table 7C.8b : BIPs for PR EOS model from PnA characterization for oil 8 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1341  0.0420  0.0400  0.0000
CiHwo | 01000 0.1264 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1193  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1159 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0886 0.0563 0.0422 0.0360 0.0556 0.0461 0.0000 0.0000  0.0000
PC-3 0.1300 0.1156  0.0617 0.0428 0.0419 0.0652 0.0620 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1322 0.0716  0.0440 0.0557 0.0744  0.0800  0.0000  0.0000  0.0000  0.0000  0.0000
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Table 7C.9a : PR EOS model from PnA characterization for oil 9 in Table 7.5
Saturation pressure (bubble point) for this fluid is 60.21 bars at 307.60 K.
Components Z MW Tc Pc w Cren
(g/mol) (K) (bars) (CC/Mol)
N, 0.0029 28.01 126.20 33.94 0.04000 -4.230
CO, 0.0119 44.01 304.20 73.76 0.22500 -1.640
CH4 0.1756 16.04 190.60 46.00 0.00800 -5.200
CoHe 0.0992 30.07 305.40 48.84 0.09800 -5.790
CsHs 0.1257 44 .10 369.80 42.46 0.15200 -6.350
C4H1o 0.0793 58.12 421.40 37.66 0.18920 -6.490
CsH12 0.0507 72.15 465.73 33.78 0.24090 -5.120
CeH14 0.0377 86.00 507.40 29.69 0.29600 1.390
PC-1 0.1713 130.86 643.85 27.32 0.19420 1.820
PC-2 0.1157 193.74 733.63 23.06 0.28333 3.630
PC-3 0.0813 275.65 851.10 19.29 0.41216 5.450
PC-4 0.0487 460.10 1073.72 15.40 0.65271 7.260
Table 7C.9b : BIPs for PR EOS model from PnA characterization for oil 9 in Table 7.5
N2 COz CH4 CzHe C3Hs C4H10 C5H12 CBH14 PC-1 PC-2 PC-3 PC-4
N 0.0000
ol 0.0000  0.0000
CHa 0.1000  0.1000  0.0000
CzHs 0.1000  0.1450  0.0420  0.0000
CsHs 0.1000  0.1341  0.0420  0.0400  0.0000
CiHwo | 01000 0.1264 0.0420 0.0400 0.0300  0.0000
CsHiz | 01000 0.1193  0.0420 0.0400 0.0300 0.0116  0.0000
CeHis | 0.1000 0.1159 0.0420 0.0400 0.0300 0.0155  0.0058  0.0000
PC-1 0.1300 0.0417 0.0518 0.0416 0.0328 0.0418 0.0275 0.0000  0.0000
PC-2 0.1300 0.0814 0.0554 0.0420 0.0353 0.0534 0.0428 0.0000 0.0000  0.0000
PC-3 0.1300 0.1126 0.0608  0.0427 0.0408 0.0639 0.0598 0.0000 0.0000  0.0000  0.0000
PC-4 0.1300 0.1329 0.0725 0.0441 0.0569 0.0749  0.0812  0.0000 0.0000  0.0000  0.0000  0.0000
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Supporting Information

Table 3-S1. Fluid model for oil 3 developed using the new characterization
method with 11 components.
. MW Tc Pc Ve

Components  Mole Fractions (gm/mol) (K) (bars) (cc/mol) w
N2 0.0004 28.02 126.20 33.90 89.80 0.0400
CO; 0.0216 44.01 304.20 73.80 94.00 0.2250
Cy 0.1992 16.04 190.60 46.00 99.00 0.0080
C, 0.0011 30.07 305.40 48.84 148.00 0.0980
Cs 0.0002 44.10 369.80 42.46 203.00 0.1520
Cus 0.0010 67.94 453.70 35.12 283.50 0.2356
Cs 0.0021 86.18 508.00 30.31 370.00 0.3005
PC1 0.3389 275.45 1008.79 21.38 805.80 0.2038
PC2 0.2015 463.51 1080.01 14.92 1951.96 0.3963
PC3 0.1430 652.65 1109.47 11.70 3834.48 0.5677
PC4 0.0910 1025.86 1132.71 8.39 7984.38 0.8277

Temperature (K) 322.05

Saturation Pressure (bars) 47.23

Table 3-S2. Fluid model for oil 3 developed using the conventional characterization

method with volume shift with 11 components.

Components Mole MW Tc Pc Ve w Cren

Fractions (gm/mol) (K) (bars) (cc/mol) (cc/mol)

N2 0.0004 28.02 126.20 33.90 89.80 0.0400 -4.23
CO, 0.0216 44.01 304.20 73.80 94.00 0.2250 -1.64
Cs 0.1992 16.04 190.60 46.00 99.00 0.0080 -5.20
C, 0.0011 30.07 305.40 48.84 148.00 0.0980 -5.79
Cs 0.0002 44 .10 369.80 42.46 203.00 0.1520 -6.35
Cus 0.0010 67.94 453.70 35.12 283.50 0.2355 -5.53
Cs 0.0021 86.18 508.00 30.31 370.00 0.3004 1.39
PC1 0.4294 226.26 702.850 2156  1212.59 0.3701 -96.76
PC2 0.1744 532.79 803.872 17.25  2357.30 0.4100 -405.20
PC3 0.1072 853.44 860.001 15.76  3754.90 0.4257 -753.83
PC4 0.0632 1450.93 841.495 14.80  6744.42 0.4330 -1458.94

Temperature (K) 322.05

Saturation Pressure (bars) 47.23
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Table 3-S3. Fluid model for oil 6 developed using the new characterization
method with 11 components.
Components Mole MW Te Pc Ve w
Fractions  (gm/mol) (K) (bars) (cc/mol)

N2 0.0002 28.02 126.20 33.90 89.80 0.0400
CO; 0.0096 44.01 304.20 73.80 94.00 0.2250
C4 0.3203 16.04 190.60 46.00 99.00 0.0080
C 0.0349 30.07 305.40 48.84 148.00 0.0980
Cs 0.0039 44.10 369.80 42.46 203.00 0.1520
Cus 0.0120 64.08 440.95 36.27 283.50 0.2215
Cs 0.0053 86.18 508.00 30.31 370.00 0.3005
PC1 0.2472 175.93 911.66 29.75 358.31 0.2361
pPC2 0.1640 265.30 995.42 22.55 867.96 0.3965
PC3 0.1217 357.55 1043.41 18.39 1704.61 0.5445
PC4 0.0810 537.28 1090.73 13.84 3550.33 0.7753

Temperature (K) 333.15

Saturation Pressure (bars) 137.80

Table 3-S4. Fluid model for oil 6 developed using the conventional characterization method
with volume shift with 11 components.

Components Mole MW Tc Pc Ve w Cren
Fractions (gm/mol) (K) (bars) (cc/mol) (cc/mol)
I\ 0.0002 28.02 126.20 33.90 89.80 0.0400 -4.23
CO2 0.0096 44.01 304.20 73.80 94.00 0.2250 -1.64
C4 0.3203 16.04 190.60 46.00 99.00 0.0080 -5.20
Cz 0.0349 30.07 305.40 48.84 148.00 0.0980 -5.79
Cs 0.0039 4410 369.80 42.46 203.00 0.1520 -6.35
Cus 0.0120 64.08 440.95 36.27 283.50 0.2217 -5.91
Cs 0.0053 86.18 508.00 30.31 370.00 0.3005 1.39
PC1 0.2472 147.787 744.734 29.24 693.47 0.3917 -5.91
PC2 0.1640 289.608 871.316 23.07 1142.91 0.4496 -18.45
PC3 0.1217 449.077 944.574 20.15 1732.70 0.5371 -66.56
PC4 0.0810 759.664 1034.300 18.04 3134.73 0.5307 -130.90
Temperature (K) 333.15
Saturation Pressure (bars) 137.80
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Cotrnpositional details: molecular weights and mole fractions
of well-defined components and the plus fraction

v

Step 1: Splitting of the plus fractionwith the logrithmic distribution funciton (Pedersen et al. 1983, 1984)

v

Step 2: Estitnation of T, Fe, and @ using the correlations of Krejbjerg and Pedersen (2006)

v

Btep 3: Grouping the heavy fractions into m pseudo components onthe equal-mass basis with mass-weighted
averaging of properties. Inthisreseach,m is4 for CM,V and 22 for CMM,,;, V. The total number of components is
n

l¢
*‘1

Btep 4: Regressionof Tg, Pe, PVT Data Input:
w—| V., and @ using experimental Saturation pressure
data available Densities
WViscostties

Y

Peng-RobinsonEOR (1976, 1978)
without volume shift

v

PengRobinson EOE (1976, 1978)
with wolume shift

v

Regression of Tg, Pg, and o using saturation
pressure data

Regression in sequence of T, Teln-
1, Tttt Lo, ooy, elin-13,.., @ (bl
Pel), Po(n-1),... Poln+1-my, selecting one at a
time to match saturation pressure with 1 to 2094

Regressionof Tg, Pg, and o using saturation
pressure data

Regression in sequence of Tcln, Teln-
1, Tl Loy, i, oln-10, ., o (el -,
Pc(m), Poln-l),.. Pc(ntl-m), selecting one at a
time to match saturation pressure with 1 to 20%

variation.

Eegression of Tg, Pg, and o using saturation
pressure and liquid phase density data

Regression  in sequence of  [Pg(m), Peln-
1, Pelot1-m], [Telmy, Teln- 1, .. Telot -],
and [oln, oln-13,..., o (o+l-m], selecting one
group at a time to match saturation pressure and
liquid phase density data with 1 to 20%

variation

Eegression of Vi using viscosity data with the
LEC model

Regression of [Ve(ny, Voln-1),.. Veolntl-m)]
with 1to 20% variation to match viscosity data

h 4
TeyPey Ve, and @ ‘

Figure 3-S1. Flow chart for the conventional characterization method (CM) in this research, which is

based on Pedersen and Christensen (2007).

The shaded blocks show the input data. The CM with volume-shift parameters is referred to as the
CMwV (the right branch of the flow chart). The CMwwV is the CM without volume-shift parameters (the

variation

Eegression of volume shift parameters (Cpgy )
using liquid phase density data

Regression of [Cpgy(n), Cpen(n-1),..., Cprnlntl-
], to match liquid phase density data with 1 to
50% vartation,

¥

Regression of V; using viscosity data with the
LEC model

Regression of [V, Ve(n-1),.. Vet 1]
with 1to 20% variation to match viscosity data.

A 4
Tey, Py, Ve, and @ ‘

left branch of the flow chart). See the Introduction section for the definitions of steps 1-4.
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Compositional details: molecular weights and mole fractions of
well-defined compeonents and the plus fraction

v

Btep 1: Splitting of the plus fraction with the chi-square distribution function (Quifiones-Cisneros et al. 2003)

!

Step 2: Standard Tg, P, and o are used for well-defined components. For pseudo components, initial values for Tg, Pe, and m
are caleulated using the correlations of Kurnar and Ckune (2012)

Step 3: Grouping the heavy fractions into a few pseudo components onthe equal-mass basis with mass-weighted averaging of
properties (Tc, Pe, and m)

3tep 4: Regression of Tg, P, Ve, and @ using experimental data |
| ™ |
vt | PR EOS (1976, 1978)

Tnitial value for £, is given by solution of Equation 3-7 |
Ie

"
o

-

h il

Calculate Te, P, and m for pseudo components
using Equations 3-4,3-5, and 3-6.

- Experimental saturation pressure
(Psat) ot reservoir temperature Ty,
¥ ¥

Calculate Pgyrp at 0. 7T for Back calculate o fromm for ‘

each pseudo component using each pseudo component.

EOR with the current Te, P, using Equations 3-11 and 3-
12

Calculate Pgyr forthe oil at T,
and e

v v 1

Galoulate 2, AAD for Poyry and Caleulate Pgyrr at 0.7T; for Caleulate 1, %AD for Poar,
Fsay for all pseudo each pseudo component using Equation 3-8
components, using Equation 3- using © and Equation 3-10

13

c>gat
previous step

S<dat
previous
step

Density data at n pressure
points at T,.,

Calculate densities for all pressure
points at Tpu,

Calculate &, 944D for
densities, using Equation 3-2

Final fr, fp, and £, to calculate
Te, P, and

The LBC model to match
viscosities by adjusting Ve

v

Final T¢, Pg, Ve, and m |

A 4

o et e |
M Gt o

Figure 3-S2. Flow chart for the new characterization method (NM) developed in this research.
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Section 3-S1: Summary of Step 4 of the New Characterization Method given in
Figure 3-S2

o > 0w =

The initial values for fr and fp are unity. The fm parameter is initialized by solving Equation 3- 7.
The m parameters are calculated using Equation 3-6 and the current fn for pseudocomponents.
Tc’s are calculated using Equation 3-4 and the current fr for pseudocomponents.

Pc’s are calculated using Equation 3-5 and the current fp for pseudocomponents.

Calculate the Psar at the reservoir temperature. If the function W given in Equation 8 is greater than
a tolerance (e.g., 10#), increase fr by Afe (e.g., 10-%) and go back to Item 4. If the function W is less
than the tolerance, go to item 6.

Calculate densities at pressures at the reservoir temperature. If the & function given in Equation 3-
9 is greater than a tolerance, set fp to unity and increase fr by Afr (e.g., 10-%) and go to ltem 3. If fr
exceeds 3.5 or the 6 function at the current iteration is greater than that at the previous iteration, go
to the w loop.

For each pseudocomponent,

a. Back calculate w from the current m using Equations 3-11 and 3-12

b. Calculate Psat at 0.7Tc using the current Tc, Pc and m.

Calculate the € function given in Equation 3-13. If the € function at the current iteration is smaller
than that at the previous iteration, increase fm by Afm (e.g., 10-%) and go to Item 2. Each iteration in
the w loop starts with fr of 1.0 and fer of 1.0. The final set of fr, fp, and fm is determined when the ¢
function becomes greater than that at the previous iteration.

The LBC model is used to match viscosity data by adjusting Vc.
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Section 3-S2: Effects of Volume-Shift Parameter Regression on Phase Behavior

Predictions

Table 3-S5 lists the composition and critical parameters for a ternary fluid characterized using the PR
EOS with and without volume shift. Only three components are used to illustrate the impact of using
volume shift in regression on phase behavior predictions using ternary diagrams. The saturation
pressure of 196.48 bar at 330.4 K and density data at 276.3, 258.5, 223.6, 196.5, 175.2, 144.6, 103.0,
62.3, 41.0, and 7.1 bars at 330.4 K are matched using the CMwV and CMwV as described in Figure 3-
S1. The two characterizations have the same phase behavior predictions at the composition shown in
Table 3-S5.

Equally spaced contour lines for the dimensionless Gibbs free energy change on mixing (AmixG/RT)
at 330.4 Kand 196.48 bars are plotted for the two cases in Figures 3-S3 and 3-S4. The characterization
without volume shift results in a deeper valley of the Gibbs free energy. Flash calculations on these
Gibbs free energy surfaces result in two different phase envelopes as shown in Figure 3-S5 and 3-S6.
The significant difference in the two-phase predictions results in a large difference in the minimum
miscibility pressure (MMP) predictions. The MMP calculated at 330.4 K for the injection gas of 40% L
and 60% | is 351.86 bars without volume shift and 250.75 bars with volume shift.

380



Table 3-S5. Ternary fluid using the conventional characterization method with/without
volume shift in regression.
PR EOS with volume shift PR EOS without volume shift
Comp. Mole MW Tc PC w CPEN TC Pc w
Fractions (gm/mol) (K) (bars) (cc/mol) (K) (bars)
L 0.4219 16.10 190.86  46.07  0.0089 -5.19 190.86 46.07  0.0089
| 0.0176 31.66 31559 47.83 0.1065 -5.85 315,59 47.83 0.1065
H 0.5605 291.30 848.33 2418 0.4373 -110.14 1022.44  19.48 0.5108
Temperature (K) 330.40
Saturation Pressure (bars) 196.48
L=N+CO,+Cy, | =Cy+ C3, H=Cys

Figure 3-S3. Dimensionless molar Gibbs free energy change on mixing for the ternary fluid given in
Table 3-S5 at 330.4 K and 196.48 bars.

Contour lines are drawn with the interval of 0.05 between -0.85 to 2.0. The PR EOS is used without
volume shift.

381



Figure 3-S4. Dimensionless molar Gibbs free energy change on mixing for the ternary fluid given in
Table 3-S5 at 330.4 K and 196.48 bars.
Contour lines are drawn with the interval of 0.05 between -0.85 to 2.0. The PR EOS is used. Volume
shift parameters are used in regression.

L Components:

1
4
[
&
9
+
o

Bas &
g8*
ad

Sg@fd

=T
¥
0 =2t

Injection Gas

/

Figure 3-S5. Phase envelope for the ternary fluid given in Table 3-S5.
The PR EOS is used without volume shift. MMP calculated for the injection gas is 351.86 bars at 330.40
K.
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Injection Gas

/

Figure 3-S6. Phase envelope for the ternary fluid given in Table 3-S5.
The PR EOS is used. Volume shift parameters are used in regression. Use of volume shift results in a

two-phase envelope that is significantly smaller than that in Figure 3-3. MMP calculated for the injection
gas is 250.75 bars 330.40 K.
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Section 5-S1. Peng-Robinson Attraction and Covolume Parameters Optimized

for n-Alkanes

This part presents a critical review for various sets of the attraction and covolume parameters presented
in the literature. They are categorized into three types; i) the parameter sets that are based on estimated
physical critical points, ii) the optimized parameter sets from Ting et al. (2003) and Voutsas et al. (2006),
and iii) the optimized parameter set from Kumar and Okuno (2012). This part is concerned with the
suitability of the optimized parameter set from Kumar and Okuno (2012) for use in the direct perturbation
from n-alkanes (PnA) in this research.

The Peng-Robinson equation of state (PR EOS) used throughout this paper is given below.

RT a

P= oo, (5-S1)
where a = aca(T,) (5-S2)
ac = Q, (RT)?/Pc (5-S3)
a(Ty) = [1+m(1 = (T/T)**)]? (5-S4)
b = Q, RT¢/P. (5-S5)
m = 0.37464 + 1.542260 — 0.269920% for ® < 0.3984 (5-S6)
m = 0.379642 + 1.48503m — 0.164423w? + 0.016666w> for » = 0.3984 (5-S7)

Critical points were measured for C+1 through n-C2s4, n-Ca2s, n-C27, n-C3o, and n-Cse (Nikitin et al.
1997). Although there are many correlations proposed for critical parameters, not all of them are reliably
extrapolated to heavier n-alkanes. For example, the correlations of Gao et al. (2001), Riazi and Al-
Sahhaf (1996) give a normal boiling point (Tv) that is greater than Tc of a given compound. The
correlation of Tc by Joback and Reid (1987) yields physically absurd values; 32130 K for n-C73z and —
189113 K for n-C7s. Their correlation for Ty gives 2487.60 K for n-C1i00. Kontogeorgis and Tassios
(1997) presented a critical review of various correlations for critical points. They recommended
Magoulos and Tassios (1990) for n-alkanes up to n-C4o and Constantinou and Gani (1994) for more
general application to heavier n-alkanes. In this paper, the group-contribution method of Constantinou
and Gani (1994) is used when physical critical points are required in phase behavior computations for
n-alkanes from Cz7 to C1oo.

Kumar and Okuno (2012) optimized Tc, Pc, and m for n-alkanes from n-Cz through n-C1o0 in terms
of liquid densities and vapor pressures by use of the PR EOS. The optimized critical parameters deviate,
to some extent, from the physically measured critical points, and give extended two-phase lines in P-T
space. Therefore, a comprehensive analysis of the deviation and its impact on phase behavior
prediction has been made by comparing with various estimations of physical critical points presented in
the literature. Table 5-S1 presents Tc and Pc of n-C10 from various sources in the literature. The
optimized values by Kumar and Okuno (2012) are 1084 K and 4.01 bars, and are within the variation
ranges (950 — 1215 K for Tc and 0.48 — 4.43 bars for Pc) presented in Table 5-S1. The deviation of the

optimized Tc from the value of Constantinou and Gani (1994) is within the experimental uncertainty of
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3% (Rowley et al. 2006). Compared to Constantinou and Gani (1994), the optimized Tc is lower for n-
alkanes lighter than n-C1s, but becomes higher for heavier n-alkanes. The deviation from Constantinou
and Gani (1994) in terms of Pc is higher than the experimental uncertainty of 25% (Rowley et al. 2006).
The optimized Pc is higher than the value from Constantinou and Gani (1994) for all n-alkanes from n-
C7 to n-C100. Figure 5-S1 compares the two sets of the critical parameters and vapor pressures.

Densities calculated by the PR EOS tend to increase when values of critical parameters are
increased. Figure 5-S2 shows data and predictions for saturated liquid densities (p;) and vapor
pressures (Pvap) for n-C2s. The data were taken from Yaws (2010) and Riazi and AlQaheem (2010).
The predictions were made by the PR EOS with two different sets of critical parameters; Constantinou
and Gani (1994) and Kumar and Okuno (2012). The PR EOS underpredicts p{ when physical values
from Constantinou and Gani (1994) are used. Figure 5-S2 clearly shows that p} predictions are
increased by use of higher Tc and Pc, and lower w from Kumar and Okuno (2012). However, vapor
pressure predictions are kept nearly the same along the data.

In this figure, the predictions with the parameter set of Constantinou and Gani (1994) deviate
substantially from the density data (Yaws 2010), due to the well-known shortcoming of the PR EOS in
liquid density predictions. However, they agree well with the vapor pressure data (Riazi and AlQaheem
2010). The availability of vapor pressure data for light n-alkanes allows for better fitting of the a(Tr)
function (Equation 5-S4), which results in improved vapor pressure prediction.

Figure 5-S3 presents data and predictions for three isodensity curves in P-T space for n-C2s. The
three curves represent P-T conditions at which measured densities are 0.78 g/cc, 0.76 g/cc, and 0.74
g/cc. The PR EOS gives density predictions along the three curves that depend significantly on the
critical-parameter values used. They are respectively 0.74 g/cc, 0.73 g/cc, and 0.72 g/cc with Kumar
and Okuno (2012), and 0.50 g/cc, 0.49 g/cc, and 0.48 g/cc with Constantinou and Gani (1994). The
comparisons in Figures 5-S2 and 5-S3 show that the density predictions from the PR EOS are much
improved by using the critical parameters of Kumar and Okuno (2012), as compared to the physical
critical parameters estimated by Constantinou and Gani (1994).

The optimization of critical parameters for n-alkanes in Kumar and Okuno (2012) did not consider
critical volume predictions. Figure 5-S4 compares critical densities calculated with the PR EOS with
the optimized critical parameters from Kumar and Okuno (2012) with those with the physical critical
parameters from Constantinou and Gani (1994). It also shows estimated critical densities by use of the
correlations of Teja et al. (1990), Tsonopoulos (1993), Constantinou and Gani (1994). Teja et al. (1990)
and Tsonopoulos and Tan (1993) developed the correlations by use of experimental critical density data
for n-alkanes up to n-C1s (Anselme et al. 1990, Ambrose and Tsonopoulos 1995). Critical densities
estimated by Teja et al. (1990) tend to zero with increasing CN, which may be unlikely (Tsonopoulos
and Tan 1993). Critical densities estimated by Constantinou and Gani (1994) do not follow the data
trend; however, they are kept at the same level for higher CNs, unlike those from Teja et al. (1990). The

correlation of Tsonopoulos and Tan (1993) is based on a modified Flory theory (Flory et al. 1964) of the
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statistical thermodynamics for chain molecules applied to n-alkanes. The critical densities from the PR
EOS with the optimized critical parameters from Kumar and Okuno (2012) exhibit a minimum. For large
CNs, they remain nearly constant, and are close to the values estimated by Tsonopoulos and Tan
(1993). The average absolute deviation (AAD) in the critical density predictions from the PR EOS with
the critical parameters from Kumar and Okuno (2012) is less than 10%, compared to the available data.
This is within the experimental uncertainty for critical density; for example, the experimental uncertainty
is 14% for n-C1s (Ambrose and Tsonopoulos, 1995).

The review given above for the critical parameters of Kumar and Okuno (2012) showed how density
predictions of the PR EOS can be improved while keeping vapor pressure predictions by adjusting Tc,
Pc, and m. Ting et al. (2003) and Voutsas et al. (2006) also conducted the indirect optimization of the
PR attraction and covolume parameters for n-alkanes by matching vapor pressures and liquid densities
through Tc, Pc, and m. Voutsas et al. (2006) also presented correlations for ac (Equation 5-S3) and
covolumes. However, the CN range used by them does not cover many reservoir fluids. C1, Cz, Cs, Ca,
Cs, C7, C10, C16, C1s, C20, C24, C30, C3s, and Cao were considered in Ting et al. (2003) and Voutsas et al.
(2006), while C7 through C1o0 in Kumar and Okuno (2012). Nevertheless, these three publications
commonly showed that phase equilibrium predictions for n-alkane mixtures were also improved when
the optimized critical parameters were used with the PR EOS.

Here, a comparison is made between the optimized sets of Voutsas et al. (2006), Kumar and Okuno
(2012). Figure 5-S5 presents the ac values based on three different sets of Tc, Pc, and m; two optimized
sets from Kumar and Okuno (2012) and from Voutsas et al. (2006), and the other one from the method
of Constantinou and Gani (1994) and Constantinou et al. (1995) as a physical-value set. The same
comparison is presented for the covolume parameter in Figure 5-S6 and for the attraction parameter at
350 K'in Figure 5-S7. For each of the three parameters shown, the optimized set of Kumar and Okuno
(2012) results in a value that is lower than when the physical-value set is used for a given MW. The
parameters are well correlated with a linear function of MW. The small deviations between Kumar and
Okuno (2012) and Voutsas et al. (2006) are likely due to the different ranges of n-alkanes used. The
attraction parameter at 350 K from Voutsas et al. (2006) is greater than that from Kumar and Okuno
(2012) for CNs higher than 40. The deviation becomes greater for higher CNs.

The m parameter (Equations 5-S6 and 5-S7) in the PR EOS is significant in vapor pressure
prediction at sub-critical temperatures. Figure 5-S8 compares the m parameter estimated by the
method of Constantinou et al. (1995) with the optimized m parameters by Voutsas et al. (2006) and by
Kumar and Okuno (2012). The optimized m parameter of Kumar and Okuno (2012) is approximately
equal to the estimated physical value up to n-Cz1. For higher CNs, the optimized m parameter is smaller
than the estimated physical value for each CN. The trends from Voutsas et al. (2006), Kumar and Okuno
(2012) start deviating from each other approximately at the MW of 550 g/mol. This is likely attributed to
the fact that Voutsas et al. (2006) only considered n-alkanes up to n-Caso, which corresponds to a MW
of 563 g/mol.
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The attraction and covolume parameters calculated based on Voutsas et al. (2006) may not be
satisfactory for predictions of vapor pressures and liquid phase densities for CNs higher than 40. Figure
5-89 presents a comparative analysis of predictive capabilities of Voutsas et al. (2006), and Kumar and
Okuno (2012) for n-Cio0. Saturated liquid density data were taken from Yaws (2010), and vapor
pressure data were reproduced using the correlation of Raizi and AlQaheem (2010). Use of the
parameter set from Voutsas et al. (2006) results in significant overprediction of the vapor pressures and
underprediction of the saturated liquid densities. Use of the parameter set from Kumar and Okuno
(2012) results in good agreement with data. Figure 5-S10 shows isodensity curves with liquid phase
density values of 0.74 g/cc and 0.76 g/cc for n-Cio0o in P-T space. The density predictions based on
Kumar and Okuno (2012) and Voutsas et al. (2006) are widely apart from each other.

Figure 5-S11 shows the normal boiling points for n-alkanes based on the parameter set of Voutsas
et al. (2006) and that of Kumar and Okuno (2012). The comparison with data indicates that the
parameter set of Voutsas et al. (2006) is not satisfactory for normal boiling point predictions for CNs 7
through 11 and 40 and higher. The trends of the parameters from Voutsas et al. (2006), and Kumar and
Okuno (2012) are qualitatively similar and quantitatively close to each other for CNs lower than 40.
However, the small differences in the parameters can result in significant differences in phase behavior
predictions.

This part presented a critical review for three different types of the PR attraction and covolume
parameters available in the literature; i.e., i) the physical parameter sets, ii) the optimized parameter
sets from Ting et al. (2003) and Voutsas et al. (2006), and iii) the optimized parameter set from Kumar
and Okuno (2012). The first type is not suitable for the direct PnA method primarily because they do
not give accurate density predictions. As explained in Kumar and Okuno (2013, 2014), use of volume
shift as adjustment parameters in reservoir fluid characterization can result in erroneous phase behavior
predictions at the thermodynamic conditions that the available phase behavior data do not cover. The
first type also showed less accurate phase equilibrium predictions for n-alkane mixtures in comparison
with the optimized parameters from Kumar and Okuno (2012), as shown in Kumar and Okuno (2012)
and Figures 5-16 and 5-17 in the current paper. The second type was not satisfactory for phase behavior
predictions for CNs higher than 40, as discussed previously in this section. That is, this is not suitable
for use in characterization of reservoir fluids, many of which contain hydrocarbons heavier than Cao.
Therefore, the direct PnA method is applied with the optimized parameter set from Kumar and Okuno
(2012) in this research.
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Table 5-S1. Estimated physical critical points for n-C1oo.
The critical points from Kumar and Okuno (2012) are
optimized ones with the PR EOS.
Tc (K) Pc (bars)
Gao et al. 2001 966.26 0.50
Riazi and Al-Sahhaf 1996 963.20 0.69
Yaws 2010 1215.25 1.51
Ambrose 1978 1049.30 2.66
Constantinou and Gani 1994 1058.70 2.10
Magoulos and Tassios 1990 950.30 0.48
Tsonopoulos and Tan 1993 989.31 443
Kumar and Okuno 2012 1084.00 4.01
30
P (1) Optimized critical points
) (2) Estimated physical
25 - c, h critical points

.
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Figure 5-S1. Comparison of optimized and physical critical parameters.
Comparison of optimized critical parameters (Kumar and Okuno 2012) is presented with the estimated

physical critical parameters from Constantinou and Gani (1994) for n-alkanes from n-Cz through n-Cioo.
Vapor pressure curves for n-C7 through n-C100 are drawn using the correlations of Raizi-AlQaheem
(2010).
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Figure 5-S2. Comparison of vapor pressure curves and saturated liquid densities predicted with
optimized and physical critical parameters for n-Cozs.

Vapor pressures and saturated liquid densities predicted for n-C2s by use of the optimized critical
parameters from Kumar and Okuno (2012) and the physical critical parameters from Constantinou and
Gani (1994). The optimized Tc and Pc are higher than the estimated physical values. Use of the
optimized parameters increases the saturated liquid density curve systematically, while keeping the
vapor pressure curve along the vapor pressure data, which are shown by the filled squares.
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Figure 5-S3. Comparison of predicted isodensity curves with PR EOS with data (Dutour et al. 2001).
Liquid-phase isodensity curves for n-Czs from experimental data (Dutour et al. 2001) and from the PR

EOS with the optimized (Kumar and Okuno 2012) and estimated physical critical parameters
(Constantinou and Gani 1994). The three isodensity curves represent different density values. Along
the left-most isodensity curve, for example, the measured value is 0.78 g/cc (1), but the PR EQS gives
0.74 g/cc with the critical parameters of Kumar and Okuno (2012) and 0.50 g/cc with the critical
parameters of Constantinou and Gani (1994).
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Figure 5-S4. Comparison of critical densities from different correlations.
Critical densities of n-alkanes from three correlations (Teja et al. 1990, Constantinou and Gani 1994,

and Tsonopoulos and Tan 1993) and the PR EOS with two sets of critical parameters (Kumar and Okuno
2012, and Constantinou and Gani 1994). Data were taken from Ambrose and Tsonopoulos (1995). The
critical densities calculated by the PR EOS with the parameters of Kumar and Okuno are in good
agreement with Tsonopoulos and Tan (1993) for extended CNs.
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Figure 5-S5. Comparison of ac for PR EOS from optimized and physical critical parameters.

The figure presents comparison of aC for the PR EOS using two sets of optimized critical parameters;
one from Kumar and Okuno (2012) and the other from Voutsas et al. (2006). The values calculated with
the physical critical parameters from Constantinou and Gani (1994) are also presented. For a given CN,
the optimized aC values are smaller than that from the estimated physical critical parameters. The
optimized aC values are well correlated with linear functions of MW. The optimized aC parameter from
Voutsas et al. (2006) starts deviating from that from Kumar and Okuno (2012) at CN 40.
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Figure 5-S6. Comparison of b parameter for PR EOS from optimized and physical critical parameters.
Comparison is presented for the covolume parameters using two sets of optimized critical parameters;
one from Kumar and Okuno (2012) and the other from Voutsas et al. (2006). The values calculated with
the physical critical parameters from Constantinou and Gani (1994) are also presented. For a given CN,
the optimized covolume values are smaller than that from the estimated physical critical parameters.
The optimized covolume values are well correlated with linear functions of MW. The optimized covolume
parameter from Voutsas et al. (2006) starts deviating from that from Kumar and Okuno (2012) at CN 40.

140

o Kumar and Okuno (2012)
—Voutsas et al. 2006
+ Constantinou and Gani 1994 o

[
N
o

*e

=

o

o
T

60 r

a, 10° bar.CC?mol? at 350 K

20

0 10 20 30 40 50 60 70 80 90 100
CN (n-Alkane Series)

Figure 5-S7. Comparison of a parameter for PR EOS from optimized and physical critical parametes.
Comparison is presented for the PR attraction parameters at 350 K using two sets of optimized critical

parameters; one from Kumar and Okuno (2012) and the other from Voutsas et al. (2006). The values
calculated with the physical critical parameters from Constantinou and Gani (1994) are also presented.
For a given CN, the optimized attraction parameters are smaller than that from the estimated physical
critical parameters. The optimized attraction parameter from Voutsas et al. (2006) starts deviating from
that from Kumar and Okuno (2012) at CN 40.
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Figure 5-S8. Comparison of optimized and physical m-parameters.

The optimized m parameters from Kumar and Okuno (2012) and from Voutsas et al. (2006) are plotted
along with the estimated physical values from Constantinou et al. (1995). The optimized m parameter
from Kumar and Okuno (2012) is approximately equal to the estimated physical value up to n-Cz1. For
higher CNs, the optimized m parameter is smaller than the estimated physical value. The trends from
Voutsas et al. (2006) and Kumar and Okuno (2012) start deviating from each other approximately at the
MW of 550 g/mol.
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Figure 5-S9. Vapor pressures and saturated liquid densities predicted for n-C100 by use of two sets of
optimized critical parameters; one from Voutsas et al. (2006) and the other Kumar and Okuno (2012).
Use of the optimized critical parameters of Kumar and Okuno (2012) results in more accurate predictions

of densities and vapor pressures for n-Coo.
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Figure 5-S10. Two liquid-phase isodensity curves (0.74 g/cc and 0.76 g/cc) in P-T space predicted for
n-C1o0 using the PR EOS.

The two sets of optimized critical parameters used are from Kumar and Okuno (2012) and Voutsas et
al. (2006). Large differences are observed between the sets of predictions.
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Figure 5-S11. Comparison of normal boiling points from PR EOS with optimized and physical critical
parameters.

Normal boiling points predicted for n-alkanes by use of the PR EOS with the optimized critical
parameters from Kumar and Okuno (2012) and from Voutsas et al. (2006). Data were taken from Yaws
(2010). Use of the optimized critical parameters from Kumar and Okuno (2012) gives good agreement
with the data. Voutsas et al. (2006) optimized the critical parameters for up to n-C40. They correlated
the aC and covolume parameters as linear functions of MW. However, these linear correlations may
not be accurate when extrapolated to higher CNs.
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Section 5-S2. Effect of Aromaticity on Attraction and Covolume Parameters

Kumar and Okuno (2013) presented the effect of aromaticity on the parameters and proper
interrelationship between the attraction and covolume parameters. Considering the importance of these
points in the current paper, they are briefly summarized here. Figure 5-S12 reproduces the trend curves
of Yarborough (1979) for the standard specific gravity (SG) as a function of CN and aromaticity. The
standard SG increases with CN and aromaticity. Kumar and Okuno (2013) used these curves to explain
how perturbation of parameters should be done in different CN ranges. They fitted the PR EOS to the
SG trend curves for CNs from 8 to 40 by perturbation of Tc, Pc, and m from the n-alkane values using

the following equations:

Te = 1154.35 — 844.83(1.0 + 1.7557 x 1073 fMW) =20 (5-S8)

—0.63

8
Pc = 559.93 (%) —1.49 (5-S9)
P

39.933)

m = 0.4707 + 2.4831(f,, MW)‘(fm MW (5-810)
where fr, fr, and fm are the perturbation parameters. Equations 5-S8 through 5-S10 reduce to the
correlations of Kumar and Okuno (2012) if the perturbation parameters are all unity.

Figures 5-S13 and 5-S14 show the attraction and covolume parameters, respectively, for three
levels of aromaticity, 0, 10, and 60. Figure 5-S15 presents the y parameter based on the values for
covolume parameters given in Figures 5-S14 and attraction parameters calculated at 370.15 K. The g
trends for the lighter and heavier model fluids are presented. The two model trends are shown to be
linear for simplicity. The lighter model fluid has all pseudocomponents within the range of C7 through
C20. The heavier model fluid has all pseudocomponents heavier than C2. The lighter model fluid has
a CN range for pseudocomponents that is much narrower than the heavier model fluid as can be
expected from Figure 5-S16, which shows the chi-squared distributions (Quinones-Cisneros et al. 2004)

for different p values;
fs = 2762 G /r (). (5-S11)

In the CN range higher than approximately 20, the y parameter decreases with CN for a given level
of aromaticity, and is insensitive to the level of aromaticity. Therefore, the decreasing p trend with
respect to CN is considered for the heavier model fluid. In the CN range lower than approximately 20,
the y parameter is sensitive to the level of aromaticity within the narrow CN range. Therefore, the
increasing y trend with respect to CN is considered for the lighter model fluid. For many real reservoir
fluids, the CN range of pseudocomponents contains the boundary of the two distinct regions, which is
approximately C20. For these fluids, the y parameter is expected to exhibit combinations of these two

model trends depending on the CN range of their pseudocomponents and their average aromaticity.
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Figure 5-S12. Trend curves of Yarborough (1979) for standard specific gravity with respect to CN of
single CN fractions at different aromaticity levels.
The aromaticity parameter Ya was defined as the percentage of total carbon atoms in a molecule which

are within the benzene ring.
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Figure 5-S13. Trend of attraction (a) parameters with carbon number of single carbon number fraction
for three levels of aromaticity 0, 10, and 60.
The correlations of Kumar and Okuno (2012) are used for n-alkanes (i.e., zero aromaticity). The fr, fp,

and fm values (Equations 5-S8, 5-S9, and 5-S10) fitted to Yarborough'’s trend curves are used for the
aromaticity levels 10 and 60. Temperature is 288.15 K.
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Figure 5-S14. Trend of covolume (b) parameters with carbon number of single carbon number fraction

for three levels of aromaticity 0, 10, and 60.
The correlations of Kumar and Okuno (2012) are used for n-alkanes (i.e., zero aromaticity). The fr, fp,

and fm values (Equations 5-S8, 5-S9, and 5-S10) fitted to Yarborough'’s trend curves are used for the

aromaticity levels 10 and 60.
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Figure 5-S15. Trend of y parameters (y = a/b?) with single carbon number fractions for three levels of

aromaticity at 370.15 K (Kumar and Okuno 2013).
All critical parameters and acentric factors are the same as those used in Figures 5-A2 and 5-A3. The

W parameter changes its sensitive to aromaticity around the CN of 20. Trend curves are given for the
lighter and heavier model fluids. For the model trends, the physical trend is also considered that heavier
fractions are relatively more naphthenic and aromatic than lighter fractions.
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Figure 5-S16. Chi-squared distributions for different p values.
The p parameter controls the degree of skew and the size of effective composition space. The p-value

for a fluid decreases with increasing API gravity (or decreasing standard specific gravity). For light fluids,
the effective CN (or MW) range is small compared to heavy oils.
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