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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



for n-alkanes from C7 to Ci00. 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 fBackgrounda Conventional practices in the relevantaread es cr i IBaadk g maaén d o

briefly described in the subsection fiConventional Characterization Methods for Reservoir Fluida The

area of issues is also recognized in this subsection. Issues related to conventional characterization are

discussed in the subsection fissues Related to Conventional Characterizationd The subsection

fProblem St at ement 06 recognizes the issues thatFingllj,e prese

fobjective of the researcho 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.
Séanger 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 COx,
CHa, C2Hs and liquefied petroleum gases (Cs and C4) (Whitson and Brule 2000), however composition
of components such as Cs, Cs, 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
phaseV)f or | i ght gasesd (carbon di oxi de mixtuneswith aaawer
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
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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 (number of haywryhigh@®mperatare (638K s bedd oBerved 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: 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 | oc al di spl acement effici
redistribution in the transition zone between two phases and three phases (upstream and downstream
of three-phase). For efficient displacement of oil, L 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 fiow 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
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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 (¥ ), and volume-shift parameters (Peneloux
et al. 1982).
Step 3. Grouping of the detailed components into fewer pseudocomponents.

Step4. Regression of pseudocomponentsd properties
4

t

o

mat



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,  aonstant terms of the
attraction and covol ume paama shedluene-shift pafameterscancbinary
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.
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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.

1 Estimation of Default Values for EOS Parameters: Default values are starting values for EOS
parameters such as Tc, Pc,  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 ( 20) 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, Ty, Tc, Pc, v, and o, with carb
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.

1 Selection of Regression Parameters: Conventional characterization has several potential
regression parameters such as Tc, Pc,  ¥a, b,@IPs 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.

1 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 ¥ f or p s dhe shturatomppessarewas nsatched 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 N2-
hydrocarbons, CO2-hydrocarbons, and N2-CO: are fixed to be non-zero values. They are -0.017 for Nz-
CO2, 0.0311 for N2-C1, 0.0515 for N2-C2, 0.0852 for N2-Cs, 0.08 for N2-C4, 0.1 for N2-Cs, 0.08 for N2-Ci,
where i O 6xC, 0wh2rfeordl ©Oj] ®pséudo-campdnertis. 1 f or CO

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
1.1, 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, C3Hs, CsH1o, CsHi2, 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 componentsé
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 CisHzs and aromatic
CisHio) 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-CisHsz4 and CieH1o0; 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 ¥y for pseudocomponents as
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 2to 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-Cz to n-Cioo 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, a n tb matgh 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, a nid 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, a n dnd depsity 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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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

(CO») for binary mixture indicates continuity of three-phase with decreasing temperature. Three-phase

temperatures for binary mixtures for CO2, C2Hs, CsHs, and CsHio 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 oil.

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 ¥); 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 (CisHs4) and

aromatic (C1sH10) 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 ¥
(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
CoHs 0.0856 30.07 305.40 48.84 0.0980
CsHs 0.0668 44.10 369.80 42.46 0.1520
C4Hao 0.0530 58.12 425.20 38.00 0.1930
CsHyo 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 r's
(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
C4Hao 0.0530 58.12 425.20 38.00 0.1930
CsHa, 0.0445 72.15 469.60 33.74 0.2510
CeHas 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 ¥
(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
CoHs 0.0856 30.07 305.400 48.84 0.0980
CsHs 0.0668 44.10 369.800 42.46 0.1520
C4Hao 0.0530 58.12 425.200 38.00 0.1930
CsHyo 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 r's
(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
C4Hao 0.0530 58.12 425.20 38.00 0.1930
CsHa, 0.0445 72.15 469.60 33.74 0.2510
CeHas 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

Title Features
No.
1 Introduction
2 Critical Parameters Optimized for Accurate Phase [1] Optimization of Tc, Pc, and ¥ for homologous

Behavior Modeling for Heavy n-Alkanes up to Cigo
using the Peng-Robinson Equation of State.
(Published in Fluid Phase Equilibria)

(2]

series of n-alkanes up to Cip to match
saturation pressure and density data.
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 ¥.
(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 ol
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 Tc, Pc, and ¥).

[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 Tc, Pc, and ~¥.

[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 C 100 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
0in 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/CO: injection processes that involve critical endpoint behavior (Okuno et al.
2011).

Reliable predictions of EOR using 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 (¥) extrapolated for hydrocarbons heavier than Cz4 (Voulgaris
et al . 1991; Ro dr a g u eThesexcormlatibha, imawevdrawer2 GedeBoped 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 EOS) 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 Ci, Cz, Cs, C4, Cs, C7, Ci0, Cis, Cis, C20, C24, C30, 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 ¥ for accurate
phase behavior predictions for heavy n-alkanes up to Cioo 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 fromn-al kanesd cr i ti
parameters as proposed by Quifiones-Cisneros et al. (2003).

The subsequent sections present our development of optimized Tc, Pc, and ¥ along with
experimental data used. We then develop new correlations based on the optimized values for Tc, Pc,
and ¥ . 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.

P — — (2-1)

where A T8 UV X C 0 bb€ ® (2-2)
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I ™YXTOePR®TCW QTR @ ww ¢ AIwWO ™ w (2-4)
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Equations 2-4 and 2-5 indicate that the m(¥) function is one-to-one as shown in Figure 2-1; i.e., a
given positive real value for ¥ 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 ¥ 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-
Al 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 Cuoo.

1D A AO AO A AO AO 4 A AO4 (2-6)
In Equation 2-6, O — and 4 —. Coefficients a1, az, as, b1, bz, bs, c1 and cz are given in Table

2-2. The r values for some hydrocarbons between C: to Caso are available in Riazi (2005). For other
hydrocarbons up to Cuioo, 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-C1oo, We ensure

use of vapor pressure data points both for Tr ¢ 0.7 and T2 0.7. This is to ensure the accuracy of vapor

pressure predictionsaround Trof 0. 7, whi ch i s us edinHquatioRP 2-¥.zer 6s def i n

5 10 ¢c— P (2-7)

— 8

2.2.2. Optimization Method
Tc, Pc, and ¥ are optimized considering reduction of
1 Average absolute deviations (AAD) in density predictions
1 AAD in vapor pressure predictions
91 Deviations of Tc and Pc from physical critical points,
while keeping smooth variations of Tc, Pc, and ¥ with respect to molecular weight (MW), and the
consistency with PiEquatierr26/s Thd mihimization df AADs for bath density and

vapor pressure predictions can be challenging. A set of Tc, Pc, and ¥ 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 ¥ 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 ¥ 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 ¥ 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 Ci00. 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 Cioo is (Tc, Pc) = (1094.0 K, 4.34 bars), and the
physical critical point is (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 w

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 t hre Focagvenisatofddlecy wi t h F
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 ¥. However, this ¥ value does not necessarily match another ¥ 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 ¥ v a |Ibecenses 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 respectto 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 T ¢, Pc, m, and w

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 C- through Cico. Optimized values for ¥ are
calculated using Equations 2-4 and 2-5. The final values for Tc, Pc, m, and ¥ are presented in Table
2-B along with Tc, Pc, and ¥ based on the correlations of Gao et al. (2001), which are given in
Equations 2-8to 2-10.

4 QUK T QX AgED Yorp ° gy ° (2-8)
0 1@T1ADE X UK ® PR O X G (2-9)
S oBpcpmOX QG YAIDDY d#.wd Bty 8 (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 ¥ is 0.2, 0. 8, and 0. 4%
alkanes from Cs to Cass.
Use of our optimized Tc, Pc, and ¥ with the PR EOS gives significantly improved calculations of
liquid density and vapor pressure for n-alkanes from C7 through Ci00 as shown in Table 2-Al 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 Ci00. Figures 2-2
and 2-3 present the comparisons of density and vapor pressure predictions using our optimized Tc, Pc,
and ¥ with those using Equations 2-8 to 2-10. Using the optimized Tc, Pc, and ¥, AADs for both density
and vapor pressure predictions are consistently small for the wide range of CN from C7 to Ci00. A reason

for the smaller variation of the AADs for CN greater than 40 is the relatively consistent T-P: ranges and
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sources for the data used (see Table 2-Al 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 Cioo 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 ¥ that give accurate
phase behavior predictions for n-alkanes up to Cioo 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 ¥ correlations for heavy n-alkanes in the literature. Gao et al. (2001) developed correlations
for Tc, Pc, and ¥ for n-alkanes up to Cioo, 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 Czo. 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 ¥ developed in this research deviate from values available in
the literature. In these figures, Riazi and Al-Sahhaf® correlations are extrapolated up to Cico. 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.

4 ppw@w Pt odt pguvuvyxpm-7 8 (2-11)
0 vvuvgwo7? 8 P8 w (2-12)
. 8

I ] X X8 Yyopg- (2-13)

These correlations accurately represent the optimized Tc, Pc, and m. The R? 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-CisHs2, 0.24 bars for n-C21Hes, and 0.0022 for n-Caz1Heas, 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-Caaz.

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 Cioo. 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 Cic0. 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
2-10to 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, Ci1-Cis, C1-C20, C2-C1s, C2-C20, C2-C22, and C2-C2s. For C2-C22 and C>-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 Cs-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 = fMPcri, 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 Pcri.

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-Ci snher os et al . ds characteri

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, COz2, Ci, Cz3,
C4, Cs, and four heavy pseudocomponents.
Step 2. Critical parameters. For the well-defined components (i.e., N2, COz, 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

Quifiones-Cisneros et al. (2005) as given by Equations 2 -14, 2-15, and 2-16.

4 TCRYXCpPucl ¥ (2-14)
0 %OBEpXqYodiucyYY? (2-15)
5 %OER T X poy (2-16)

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-Cy1, 0.06 for N2-Cz-3, 0.08 for N2-Ci>3, 0.12 for CO2-Cy, 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 ¥ . 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 oil-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 oilsd
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. Conclusion s

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

that are optimized for phase behavior modeling of n-alkanes from C7 to Ci00 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 ¥ satisfies Pitzer& definition of ¥. The optimum Tc, Pc, and w 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:

(0]

Critical parameters and acentric factors for n-alkanes from C7 to Cioo 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 w gives 3.0% and 3.4% AADs in density and vapor
pressure predictions, respectively, for n-alkanes from C7 to Ci0. 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-Cuoo.

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 EOS.

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

are typically insignificant.
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2.6.

b

f

m

p
Pc
Pcp
Pr

prap

Tc
Tr

Greek letters
1Y

¥

Abbreviations
AAD

CN

EOS

MW

NBP

PNA

PR

SRK

Nomenclature
Roman symbols

Covolume parameter in a cubic EOS

Perturbation factor defined in Section 2.4.2

m(¥) 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
n-Alkanes Density Data Vapor Pressure Data
Uncertainty Uncertainty
C7He 0.020 % 0.025 %
CgHais 0.036 % +0.000066 bar
CoHzo 0.020 % 0.200 %
CioH22 0.020 % +0.000066 bar
Ci1H24 0.200 %
Ci2Hzs 0.200 % 0.200 %
+0.0002

CisHag (gmicc)
Ci4H3o 0.100 % +[0.0015P +0.000048] bar*
CisHzz 0.100 %
CaoHas @m /C»_Cf)o.ooooa +[0.0015P +0.000048] bar*
Ci7Hz6 0.200 %
CisHas 0.100 % +[0.0015P +0.000048] bar*
Ci9Hao 0.100 % +[0.0015P +0.000048] bar*
CaoHaz 0.200 % +[0.0015P +0.000048] bar*
CaaHae +[0.0015P +0.000048] bar*
CasHag 0.100 %
CosHso 0.100 % +[0.0015P +0.000048] bar*
CogHsg 0.070 % +[0.0015P +0.000048] bar*
CaoHe2 0.200 %
CseH7a 0.070 %
CaoHs2 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 ay a, as b, b, bs Cy Cy
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).

Components No. of Reference . AAD AAD
Data This Research Gao et al.
Heptane (C;) + Octane (Cs) 11 Aucejo et al. (1995) 0.3 1.7
Heptane (C7) + Nonane (Co) 11 Aucejo et al. (1995) 0.7 2.9
Heptane (C;) + Decane (Cio) 11 Aucejo et al. (1995) 1.2 4.1
Heptane (C7) + Undecane (Ci1) 11 Aucejo et al. (1995) 0.6 5.3
Heptane (C7) + Dodecane (Ciy) 10 Aucejo et al. (1995) 1.7 6.5
Heptane (C;) + Hexadecane (Cig) 11 Aucejo et al. (1995) 3.1 12.6
Octane (Cg) + Nonane (Co) 11 Aucejo et al. (1995) 0.9 3.8
Octane (Cg) + Decane (Cyo) 11 Aucejo et al. (1995) 1.2 4.8
Octane (Csg) + Undecane (C11) 11 Aucejo et al. (1995) 0.7 5.9
Octane (Cg) + Dodecane (Ci,) 11 Aucejo et al. (1995) 1.9 7.3
Octane (Cg) + Hexadecane (Cje) 11 Aucejo et al. (1995) 3.2 12.8
Nonane (Cy) + Decane (Cio) 11 Aucejo et al. (1995) 1.4 5.6
Nonane (Co) + Undecane (Ci1) 11 Aucejo et al. (1995) 0.9 6.7
Nonane (Cg) + Dodecane (Ci,) 11 Aucejo et al. (1995) 1.9 7.8
Nonane (Co) + Hexadecane (Ce) 11 Aucejo et al. (1995) 3.3 15.2
Decane (Cio) + Undecane (Ci1) 11 Aucejo et al. (1995) 1.3 7.6
Decane (Cyo) + Dodecane (Ciy) 11 Aucejo et al. (1995) 2.3 8.7
Decane (Cy0) + Hexadecane (Cie) 11 Aucejo et al. (1995) 3.4 135
Undecane (Ci;) + Dodecane (Ciy) 11 Aucejo et al. (1995) 1.8 9.5
Undecane (Ci;) + Hexadecane (Cs) 11 Aucejo et al. (1995) 3.0 141
Dodecane (C;2) + Hexadecane (Cie) 11 Aucejo et al. (1995) 3.7 14.7
Decane (Cyo) + 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 (Cyo) + Tetracosane (Czs) 16 Queimada et al. (2005) 4.9 23.5
Decane (Cy,) + Docosane (Cy,) + Tetracosane (Cps) 23 Queimada et al. (2005) 4.8 21.8
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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.

. . Molecular Perturbation AAD
Oils Gravity* Weight Dgfta Reference Factor” [9%]°
Oil-1 60.18 86.57 13 Quifones-Cisneros et al. (2004b) 1.1201(1.2655) 4.8( 7.8)
0il-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 Quifones-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)
0il-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)
0il-6 35.67 118.18 5  Quifiones-Cisneros et al. (2004b) 1.2828(1.4482)  7.7(11.7)
0il-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)
oi |l A 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)
Qil-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)
0il-8 9.50 443.06 13 Quifiones-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 exceptforOi | A and Heavy Oil .

AThis 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.
§ Number inside brackets shows the AAD from Quifiones-Cisneros et al.
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Figure 2-1. The m(¥) 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 C1oo Using
the correlations developed in this research and the correlations of Gao et al. (2001).
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Cioo 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 (¥) developed for the PR EOS in this research, and the ¥
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-Ci6 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 Ce-C16 mixture at 623K.
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Figure 2-19. Comparison of bubble and dew point predictions with experimental data (Joyce et al. 2000)
for Cs-C24 mixture at 622.9K.
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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.

54



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 oll, 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 (V¢) , acentri c f ac-shitparametgrs. and

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

Step4. Regression of pspopatectomaloenpemmergabdata 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 ¥ Aoibcharattexizatioy. 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. Jgrgensen 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, ¥, vshift parareeters, and binary interaction
parameters (BIPs) for pseudocomponents. The constant terms of the attraction and covolume
parameters of aa ncdwbafecsomEtings, adjugted, 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, coTmapPe,neart s 6¥ )p,r opred t p leTaxssgaeb ghavi or
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.

P — —— (3-1)

where A T8 L X C O bb€ W
R 8
LY p G p -

G ™MWYXTEPRTCEW QTR ¢ ww¢ Ald ™8 W (3-2)
O T™MYXWETPE YUMOTP QT TUC OTBIP @ @ @ EI MO T8 W (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 v, are estimated u(R3406).gStekKr ej bj er
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 madeforTc,Pc, and ¥ of pseudocomguoattteresesoirt o mat c
temperature. Adjustment parameters are selected based on their sensitivities to Psar 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; oneisto adjust Tc,Pc, and ¥, and the other to
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 CMwoV 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. Vc 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. Inthe CM, Tc,Pc, and ¥ for each psengphmmaenspBonent ar e
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 ¥
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. (19556 s defini ti on of acentri

component.

3.3.  New Characterizati on Method Based on Perturbation fromn  -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 compositPgn,andomponamtds @ h@arsep dreth
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, estimati on
correlations f or prpperéesid thelieratpreanedypitakly 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
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 vy -defineddaydwaarbdn (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 <
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 Quifiones-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 Tc, Pc, and ¥ for pseudocomponents, in
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 Cioo 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 Ci00. 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 ¥ with respect ctad

Pc of a pseudocomponent should be higher than the n-alkane values from the correlations of Kumar
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amounts of perturbations in Tc, Pc, and ¥y falkanenvaluek are ralated 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.

Y ppwww Yr@opdt pguwgyxn L 7 ° (3-4)
8
0 vuvddo— P8 (3-5)
8
a m8 xXTmnx& vop- 7 (3-6)

The m parameter in Equation 3-6 is defined in Equations 3-2 and 3-3asaone-toone function of
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 & 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, fr, and fm. There are three main iteration
loops,the Psar, densi ty, an garloopistbedanpesmostlodpleantaifed by the density loop.
The ¥ | oop eoctlentwodoops.s t h

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

8

T 1@ X TmX& Yo 7 , (3-7)

where MW1 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 & for benzene, 0.6866 (see Equation3-2 wi th ¥ = 0. 21) .
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of Equation 3-7 assumes all pseudocomponents are heavier than Cs. The value 0.6 can be unduly low
if MW1 is much greater than the MW of benzene. However, this value is recommended for robustness.
In the Psatloop, fri s a dj u s {eq.d+1®yperadration to match the Psat by decreasing the
y f unEguatom3-8. Once the y function becomes stalHel er t ha
density | oop decr (Equatiens3-9) by adjustingffriamddrt In thendensity loop, fe is set
to 1.0 at the beginning of each iteration, and fri s a dj u srtt(eegd +10% petbration. If the fr
exceeds 3.5 or the 0 function at the current iteratic
the algorithm mov e svaluecantbé greater thanahe ppper botind ef 3.5 when MW1
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.

r (3-8)

1 B - (3-9)

The ¥ loop is to satisfyPd handntvrernak.cohnhbhiesdencecwni vf o
(1955) and Pitzer et al. (1955) and in Equation 3 -10. Equations 3-11 and 3-12 are used to back
calculate ¥ fmfoor tdh@ecltupsemdocomponent . Theatom ¥ valu

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

0 g pm VO (3-10)
G T™WXTOPDTCW QTR @ ww ¢ w0 T wP T (3-11)
G T™WYXWETPE YUMOTH QT WE OTBIP @ @ QAW T w P T (3-12)

Use of the PR EOS with the current Tc,Pc, and ¥ yi el ds anotherc@Bsat)ur ati on
for each pseudocomponent. The average absolute deviation Rfor Psati and Psamn for all

pseudocomponents is then calculated using Equation 3 -13
R -B 1 A0 o (3-13)

where n is the number of pseudocomponents. If fr is greater than 3.5 or the rfunction at the current
iteration is smaller than that at the previous iteration, fni s i ncr e a(e.g.,d+106)yo ceafinue on
the ¥ |l oop. F o ranefastati witlhr 1.0. The final valuestfior fr, fir, and fm are determined
when the rfunction becomes greater than that at the previous iteration. The final set of fr, fe, and fm
gives the first minimum of the rRfunction 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 fe is the increasing direction from their initial
values because ps eandRccloudpehighanthand-allfkaneds value for a

T h e r e f oarned,r as@fifositive 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 fnv a | u e . mshduld also bespbsitive. If the converged fm is smaller
than 1.0, it is consistent with the ¥ perturbation <c
thann-al kaneds value for a given MW.

The regression algorithm in the NM provides a unique set of Tc, Pc, and & 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 w ranges.
Equations 3-2 and 3-3 give the same value for & at w=0.39839, but not at the boundary w=0.49. The
value of 0.39839 falls in the wrange 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
(Sgreide 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

I n this section, the NM is applied to 22 different r e
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 oll
in Table 3-1.

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

to the final set of fr, fr, and fm (and corresponding Tc, Pc, and m) at a minimum R 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, fp, 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 fr, fp, 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, Ci, Cz, 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 (fAaod) and covol iicalgpargméters {3) the ariticalpaameters
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, Cu,
C2, Cs, Css, 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: 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-
Cs, 0.1 for N2-Cs, 0.08 for N>-Ci, wher e i O 268G, Owhle2r ef olr GCQG Oo»
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 CO2-hydrocarbons. Since
pseudocomponents are mixtures of PNA compounds, we use the average values in the NM, which is
[0.1 + 0.1 + 0.18] /l-psBudocompandni,@rid®.1 far CO2-psedBidodomponehts.
The NM uses 0.0 for N>-CO2, 0.1 forN>-Ci, wher e 1 O bp-pséddoBompodents, and D.bfor
CO2z-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. 3uw8.€eTAeRdnodesn d

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 (L2) 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% C.. The CMwV gives the V-Li1 and V-L:-L> 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-L»-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 Cr+ 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 oil-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/C1
pair. The NM and CMwV are accurate at low mixing ratios of C1. This is because the 11-component
models are fitted to Psar 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 Li-V and Li-L2 phase
equilibria (Okuno et al. 2011) at low temperatures. Figure 3-16 presents such phase behavior for oil 6
and COz 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 C1-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/Ce mixtures at 34.47 bars. The CMwV overpredicts saturation temperatures except for low Cs 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 Ces mixing ratios. The deviation at the Cs 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
CO2. 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 Cai.
Although the Ci-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 Cv- 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 C1-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?®d

study aims to compare predictions of component sao
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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 CMwiV along with experimental data. Viscosity was matched using PVTsim by adjusting only Vc
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 C1 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 vy-alkamreom n
values. Tc,Pc, and -akariesusediare 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

¥, respectively. I n our regression, Pitzeros definit
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:

0 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 (CMwoV) with 30 components.

o0 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 CMwioV 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.

o 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.

0 The new regression algorithm developed searches for an optimum set of Tc, Pc, and ¥ for
pseudocomponents using physically justified search directions starting from the well-defined initial
values. Unlike in the CM, robust convergence of Tc, Pc, and ¥ does rfawsedmanuwalgui r e s
adjustments of parameters. The automatic regression process in the NM took only a few minutes
per oil for the 22 oils characterized.

o0 The perturbation factors fr, fr, and fm 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, Tcand Pcar e | ower and ¥ is |l arger for paraffi
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.

0o 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
Brmix = Covoulme parameter for a mixture in a cubic equation of state
Cren = Peneloux volume-shift parameter
m = Parameter in the Pengi 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
&m = Step size for fm
adp = Step size for fp
ot = Step size for fr
ma = Acentric factor for aromatics
k = Number of density data
me = Acentric factor for paraffins
n = Number of pseudocomponents
N = Napthenes
= Pressure, bar
= 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
Tca = 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

m = Constant term in the attraction parameter of a cubic EOS
m = Constant term in the covolume parameter of a cubic EOS
r = Absolute % deviation given by Equation 3-8

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

Oil References MW °API Tres k¥ /E /E Y=
No. (gm/mol) (K)

1 Quifiones-Cisneros et al. (2005), Oil-8 443.08 9.50 322.05 13 2.12110 1.74580 0.359
2 Quifiones-Cisneros et al. (2005), Oil-7 431.59 11.63 32205 12 1.71016 1.65705 0.368
3 Quifiones-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  Quifiones-Cisneros et al. (2004b), Oil-8 182.05 24.25 333.15 16 2.81319 1.91049 0.429
7 Quifiones-Cisneros et al. (2004b), Oil-7 159.99 29.24 33040 16 2.31276 1.74384 0.440
8  Quifiones-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 2.46282 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 60.18 427.60 13 1.39453 1.18216 0.641

14 Oil* 296.90 22.60° 35750 13 2.19267 1.61825 0.309
15 Coats and Smart (1986), Oil-1 123.79 34.04 355.37 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 1.55725 1.57795 0.585
19 Quifiones-Cisneros et al. (2003), Oil-4  167.03 25.70 34495 11 2.12027 1.68612 0.588
20 Quifiones-Cisneros et al. (2003), Oil-3  114.65 34.24 337.85 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.
OAs 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
Porosity 0.15 _—

Initial oil saturation 0.8 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.

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 fp of 1.0. The correlation of Pan et al. (1997) is used for molecular weight larger than
300 gm/mol.
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