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ABSTRACT

Fluid phase behavior in porous media is governed by not only fluid-fluid interactions but
also fluid-wall interactions. In shale formations, a large amount of hydrocarbon fluid is
stored within the organic matters where the pore sizes are in the order of nanometer scales.
Inside these nanopores, the interactions between the fluid molecules and porous walls
play such an important role that can change the fluid physical properties of the stored

hydrocarbons.

The first part of this work is to focus on investigating the effects of pore proximity in
shale formations on phase behavior of the reservoir fluids by modifying the cubic
equations of state (EOS), e.g. van der Waals EOS and Peng-Robinson EOS. Effects of
both fluid-fluid and fluid-wall interactions are included in the modified EOS. Such effects
were averaged for any particular pore sizes. Correlations based upon the available
molecular simulation results were developed to include the effects of fluid-wall
interactions into the modified EOS. The relationships between the binary interaction
coefficients and pore sizes of a C1/nC5 binary mixture were obtained based on
experimental data using modified Peng-Robinson EOS. The vapor-liquid equilibrium
(VLE) calculations were performed on a C1/nC4/C10 ternary mixture using the modified
Peng-Robinson EOS. The results showed that smaller pores caused the fluid mixture to
behave similar to dry gas, which results in reduction in condensate banking and delay in

condensate dropout during production in comparison to conventional reservoirs.

Although the fluid phase behavior was calculated based on an average point of view for

different pore sizes. It is believed that the fluids inside the nanoscale pores are not

xvil



uniformly distributed due to the fluid-wall interactions. The fluid density is higher near
the wall than the center region of the pore. The second part of this work is concentrated
on obtaining the fluid density profiles across the pore. The fluids in nanoscale pores were
considered to form bulk phase, transition phase and adsorbed phase depended on the
distances to the pore walls. Simplified Local Density (SLD) theory coupled with the
modified Peng-Robinson EOS was used to calculate the density profiles for both single-
component fluids and mixtures in different pore sizes. Both the fluid density profiles of
single component fluids (e.g. methane, ether, propane and n-butane) and binary mixtures
were investigated using the SLD-PR model. The results showed that the fluid density near
the wall is much higher than that in the center of the pore. On the other hand, pressure,
temperature, pore size, fluid type and fluid composition all have impacts on the fluid
distributions. Higher pressure can shift the fluid density profile to a higher value while
increase in temperature can shift down the density profile. For heavy components, such
as n-butane, the adsorbed region is larger than that for light components, such as methane.
For fluid mixtures, the composition of the fluid changes across the pore and the

composition of the heavier component is much higher close to the pore compare to the

bulk fluid.

The third part of this work is the application of the SLD theory to couple with a new Gas-
In-Place (GIP) model on a case study of predicting the phase behavior of real reservoir
fluids in condensate window of Eagle Ford shale and estimating the adsorbed gas content
and the total GIP of the reservoir at high temperature and pressure. The preliminary
computation results showed that the adsorbed gas could take more than 30% of gas in

place in Eagle Ford shale. By using the introduced method, the adsorbed gas content and

xviil



the total GIP in unconventional reservoirs were calculated with good accuracy under short
computational time. This makes the model useful when implemented into reservoir

simulators.

The fourth part of this work investigates the occurrence of capillary condensation inside
nanoporous shales and the way to quantify the condensed fluid contents and the behaviors
using the SLD model combined with modified Young-Laplace equation. It is the first
attempt to quantitatively consider both adsorption and capillary condensation for
hydrocarbon mixtures in shale media. For a retrograde mixture, the effects of capillary
condensation reduce the lower dew point pressure and increase the upper dew point
pressure. The shift is larger for the lower dew point pressure. This finding is consistent
with the results calculated using the modified EOS to consider the pore size effects in the

first part of this dissertation, which gives a cross-validation to both models.

The last part of this dissertation work focuses on molecular dynamic (MD) simulations
of hydrocarbons in nanopores. A universal molecular simulator called LAMMPS is used
to perform MD simulations of hydrocarbon mixtures. From these MD simulations, we
are able to investigate how hydrocarbon fluids are arranged under the effects of the pore
wall. The results show that the pore wall attracts hydrocarbon molecules to form a high-
density adsorbed region. This agrees with the findings from SLD model described in

previous chapters.

X1X



Chapter 1: Introduction

1.1 Introduction to Shale Resources

The boom of oil and gas production from unconventional resources in the US has
significantly shifted attentions in the oil industry from conventional type of reservoirs to
these unconventional resources such as liquid-rich shale, gas shale, tight gas and coalbed
methane. Figure 1.1 shows the natural gas production by type in the US from 1995 to
2040. As the year of 2016, more than half of the natural gas production in the US is from
unconventional resources. The most important contributor, shale gas and tight oil plays,
takes up to 45% of the total natural gas production in 2016 and is expected to grow to
over 60% in the year of 2040, according to US Energy Information Administration

Annual Energy Outlook (EIA, 2017).

2016
60 history ' projections
50 Reference
40
30
shale gas and
tight oil plays
20
10

other Lower 48 onshore
0 Lower 48 offshore

1995 2005 2015 2025 2035

Figure 1.1—Natural gas production in the US by source from 1990 to 2040 (EIA,
2013)

1



Besides the natural gas production boom, the oil production from shale oil resources has
also been growing rapidly recently and is expected to continuously increase in a
tremendous speed. Figure 1.2 shows the location of major shale gas and shale oil plays
in the lower 48 states in the US as of June 2016, including current plays and prospective
plays. Shale oil plays like Permian, Eagle Ford and Bakken are the major shale oil
production contributors in the US as of now and in the future (shown in Figure 1.3). As

we can see, the tight oil production takes roughly half of the total US oil production in

2016.

Current play - oldest stacked play
Current play - intermediate depth/age stacked play
Current play - shallowest/youngest stacked play
Prospective play

Basin

“aaoe

* Mixed shale & chalk play

** Mixed shale & limestone play

*** Mixed shale & dolostone-siltstone-sandstone play
**** Mixed shale & limestone-siltstone-sandstone play

Figure 1.2— Location of major shale gas and oil plays in the lower 48 states in the

US as of June 2016, including current plays and prospective plays (EIA, 2017)
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Figure 1.3—US oil production now and the future (EIA, 2017)

Shale formations are formed by fine-grained, clastic sedimentary rock composed of muds
that consist of two different components, organic matters and inorganic matters. Organic
matters are a mixture of organic materials that are composed of the remains of once-living
organisms such as plants and animals and their wasted products while inorganic matters
contain is a mix of flakes of clay minerals and small fragments of quartz, pyrite and other
minerals (EIA, 2013). Many of the hydrocarbon fluids are stored inside organic matters,

although some can be found in the natural fractures and inorganic porosities.

The investigation of microstructure of shale formations is achieved recently by using
instruments that can create high-resolution images. For example, a combination of
focused ion beam (FIB) and scanning electron microscopy (SEM) can show nanometer-
scale resolution imaging of shale samples in both two and three dimensions (Curtis et al.,

2011). Figure 1.4 shows typical 2-D FIB-SEM images from different shale rocks (Curtis



et al., 2010). From the images, it is clear to distinguish organic matters (dark grey), clay

(light grey), minerals like pyrite (white) and fractures and pores (black regions).

Haynesville

Fayetteviile

Figure 1.4—2-D FIB-SEM images from different shale reservoirs (Curtis et al.,

2010)



125 nm

Figure 1.5—SEM image of organic contents from a shale sample (Curtis et al.,

2010)

Figure 1.5 gives the image of organic contents, or kerogen contents from a shale sample
using FIB-SEM technique. It shows that the size of pores inside kerogen contents is in
the order of nanometers. In such small pores, the influence of the kerogen wall on the
stored fluids becomes important due to the fluid-wall interactions. The fluids inside the
kerogen pores are stored in two forms: adsorbed form near kerogen wall and bulk form
in the center of the pore. The adsorbed fluids are under strong influence of the kerogen

wall interactions and their properties become deviate from the bulk fluid properties. There



may have a transition zone between the adsorbed fluids and bulk fluids in relatively larger
pores where exists weaker fluid-wall interactions compare to that in the adsorbed zone
(Didar and Akkutlu, 2013). The properties of the fluids inside the transition zone may
deviate from bulk values. In order to investigate the fluid properties and transport
properties of the hydrocarbons stored inside the kerogen contents, one need to start from
phase behaviors considering the effects of the interactions between the fluids and kerogen

walls.

1.2 Phase Behavior in Shale Resources

Although the production in shale plays is growing vigorously, the phase behavior in shale
resources has not been fully understood. In general, fluids under confinement within
pores of nanometer-scale size exhibit significant deviation from their bulk values due to
the molecular interactions between the fluid and the pore wall. The changes include fluid
properties, such as critical properties, fluid densities, viscosities, compressibility factor,
vapor/liquid interfacial tension as well as other fluid properties. In shale formations,
molecular sizes approach typical values for the pore sizes. Therefore, the influence of
both fluid-wall interactions and fluid-fluid interactions on phase behavior and fluid

properties among others becomes important.

It has long been known that the pore size can have effects on fluid properties. Physical
experiments have been conducted to investigate the effects of pore size on fluid phase
behavior in porous media back in 1960s. Tindy and Raynal (1966) documented the bubble
point pressure variations of two crude oils measured in both PVT cells and porous media.

Grain sizes in the porous media were in the range of 160 to 200 microns. Bubble point



pressure was reported higher in the porous medium than PVT cell by 7 and 4 kg/cm®. The
bubble point pressures of one of the crude oils at 80 °C in the porous medium and PVT
cell were 128 and 121 kg/cm® respectively. However, there was no difference in the
measured bubble point pressures between porous medium and PVT cell for a mixture of
methane and n-heptane. Trebin and Zadora (1968) investigated effect of pore size on
phase behavior of gas condensate systems. They used a silica sand mixture (0.3 to 0.215
mm in diameter) as a porous medium. Table 1.1 shows permeability, porosity, and
calculated surface area of three different packings used as porous medium. pore size was
reported to have a strong influence on the vapor-liquid equilibrium and dew point
pressure. They found that dew point pressure increases by increasing the surface area
resulting in less liquid production. The dew point pressure was reported to increase 10%
to 15%. Increasing the temperature decreased the effect of porous media on vapor-liquid

equilibria.

Table 1.1: Properties of different packings (Trebin and Zadora, 1968)

Surface area
Packing No. Permeability (Darcy) Porosity (%)

(cm’/cm’®)
1 5.6 34 563
2 0.612 31.4 1,307
3 0.111 29.8 3,415

Sigmund et al. (1973) studied the effect of pore size on phase behavior by conducting
experiments and calculations. They used C1-nC4 and CI1-nC5 with different
compositions as fluid mixtures at 100 °F and different pressure conditions. Capillary
pressure was used to represent the effect of porous medium. It was reported that porous

media with smallest packings of 30-40 U.S. meshes showed no effect on phase behavior



except at very high surface curvatures, where the bubble point pressures decrease under
higher surface curvatures (mean curvature value less than -2.0x10°> cm™). Thommes and
Findenegg (1994) observed critical-point shift for pure SF¢ in controlled-pore glass (CPG)
with mean pore diameters of 24 and 31 nm. They found in the experiments and lab
measurements that the critical temperature shift was 0.92 K + 0.24 K for CPG with 24-
nm mean pore size and 0.48 K £+ 0.23 K for CPG with 31-nm mean pore size. They also
performed theoretical predictions of the confined geometry effects and found that the

critical temperature shift AT, is related to the pore size D as a power law AT, =<<D”, where

the parameter y is about 1.6 for slit pores and has a value that is greater than 2 for CPG
materials. Similar measurements were performed by Findenegg et al. (1994) using
different fluids in CPG with mean pore sizes of 7.7 and 24 nm. The fluids were extended
to cycolpentane, iso-pentane and perfluoropentane and the decreases in critical
temperatures of these fluids were observed. Danesh (1998) claimed that the effect of pore
size is significant when the pore size is less than 10 nm. Voronov et al. (2003) investigated
the effects of pore size on phase behavior of C1/nC5 mixtures with different compositions
of n-pentane near critical regions. The porous material used in this study was quartz
powder with the characteristic pore size of 2.3 um. The results showed that the dew point
and bubble point pressures in porous media are more than that in bulk near the critical
point. They believed that the dew-bubble curve shift was caused by the formation of
wetting film on the surface of the porous media. Zeigermann et al. (2009) used NMR
technique to measure diffusivity of n-pentane in both Vycor porous glass (pore size of 6
nm) and ERM glass (pore size of 15 nm) and found that the self-diffusivity jumped when

the temperature was increased to 438 K and 458 K, respectively (shown in Figure 1.6).



This jump in diffusivity indicated the fluid changed from liquid to supercritical phase.
While the critical temperature for bulk n-pentane was measured to be 470 K. Therefore,
the results showed that the critical temperature of n-pentane decreased by 32 K and 12 K
when confined in Vycor porous glass and ERM glass, respectively. As we can see, all
these experimental evidences suggesting the existence of the changes in fluid phase
behavior when confined in small pores. However, no clear conclusions can be drawn from

these studies, due to the disagreement among the results and lack of data.
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Figure 1.6— Self-diffusivity of n-pentane again temperature for bulk fluid and

fluid confined in ERM glass and Vycor glass (Zeigermann et al., 2009)

On the other hand, simulations are taken place from different point of views to study the
effects of pore size. Some of the better-known modeling approaches are molecular

dynamics, equation of state modification and density functional theory. For example,



Ambrose et al. (2012) performed a molecular simulation study to investigate the
adsorption of methane in a graphite slit. Density profiles of methane across the pore were
obtained from molecular dynamic studies. From the methane density profiles, they found
that the density values of the adsorbed layers were usually 2 to 2.5 times higher than the
methane bulk density. Derouane (2007) proposed a simple modification of the van der
Waals equation of state by introducing a new term that takes into account the attractions
between the fluid molecules and the pore wall. The model quantitatively predicts the
critical temperature decreases and critical pressure increases by decreasing the pore size.
More details of the models on confined fluid phase behavior will be discussed in the later

chapters.

In conclusion, due to the nature of the nanopores, it is difficult to perform persuasive
conventional fluid phase behavior study experiments inside these small pores. Results
from laboratory measurements may not be consistent and can sometimes have the
opposite trends from one to another. On the other hand, simulations are powerful tools
for investigating the fluid behaviors inside nanopores. Many of the recent simulation
approaches, such as molecular simulations and density functional theory, are able to show
more detailed adsorption phenomena of the confined fluids than some of the traditional

models such as the Langmuir single-layer adsorption model (Ambrose et al., 2012).
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1.3 Research Goal

The research goal is to investigate and better understand the fluid phase behavior under
nanoscale confinement in shale formations by considering both molecule-molecule and
molecule-pore wall interactions. We modified the equations of state to study the effects
of pore size on critical properties, as well as the vapor-liquid equilibriums of the
hydrocarbon mixture. Furthermore, we used the Simplified Local Density (SLD) model
that combines fluid-wall potentials with Peng-Robinson equation of state to predict the
fluid density at different locations inside the pore. The SLD model was extended to help
build a new Gas-In-Place (GIP) model for unconventional condensate reservoir as well

as investigate capillary condensation in shale nanoporous media.

1.4 Scope of Dissertation

This dissertation contains eight chapters. Chapter 1 gives the background of the study,
literature review and research goal and motivation. Chapter 2 discusses the methodology
of how to modify the equations of state to capture the phase behavior change of
hydrocarbon fluids inside nanopores in shale formations. Chapter 3 describes the
mathematical model developed upon Simplified Local Density theory and Modified
Peng-Robinson equation of state. The model is able to predict the density profiles and
pure fluids and fluid mixture under certain pore size, temperature and pressure. Chapter
4 shows the results of the study including model validations, case studies and sensitivity
analysis. Chapter 5 gives the development of a new gas-in-place model typically for shale
gas condensate plays. The model is applied to a real-world case in Eagle Ford shale play.
Chapter 6 investigates the hydrocarbon mixture fluid behaviors with the presents of both

11



adsorption and capillary condensation. It helps determine the adsorption thickness as well
as the adsorption isotherms in the two-phase region. Chapter 7 talks about molecular
dynamics (MD) simulation and its application to study the fluid behaviors in nanoscale
organic pores. Chapter 8 gives the conclusions of the dissertation as well as the future

work recommendations.
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Chapter 2: Modifying Equations of State to Consider

Confinement Effects

2.1 Background and Previous Work

In thermodynamic, an equation of state (EOS) is an equation that provides the relations
between different state variables, such as temperature, pressure and volume. EOS is most
commonly used to describe the state of matter and the properties of any fluids, e.g.,
liquids, gases and solids. There are many different forms of cubic EOS in the literature.
The van der Waals back in 1873 introduced the first cubic EOS that was derived by the
assumption of a finite volume occupied by the constituent molecules (JD van der Waals,
1873). After his invention of this revolutionized formula, many cubic EOS were derived
based on the van der Waals EOS (Redlich and Kwong, 1949; Zudkevitch and Joffe, 1970;
Soave, 1972; Peng and Robinson, 1976; Schmidt and Wenzel, 1980), among which, the
Peng-Robinsion (PR) EOS and the Soave-Redlich-Kwong (SRK) EOS are the most two
widely used forms of EOS in the petroleum industry. Although these EOS, especially the
PR-EOS and the SRK-EOS are believed to have accurate predictions on hydrocarbon
phase behavior, all of the EOS assume the fluids are in a bulk system, i.e., a system
without boundary effects and is allowed to expand or shrink without restrictions.
However, this may not be the case for the fluids inside porous media. When the fluids are
confined within narrow pores, the existence of the wall forces, as well as the competition
between the fluid-fluid and fluid-wall interactions can lead to phase behavior changes of
the confined fluids (Gelb et al., 1999; Trens et al., 2005; Hamada et al., 2007, Sapmanee
2011). Evidences showing critical property shift (de Keizer et al., 1991; Findenegg et al.,

1994, Thommes and Findenegg, 1994; Grofl and Findenegg, 1997) and saturation
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pressure shift (Tindy and Raynal, 1966; Trebin and Zadora, 1968; Sigmund et al. 1973;
Voronov et al., 2003) suggest that the conventional EOS are no longer valid to accurately

predict the confined fluid phase behavior due to the ignorance of the confinement effects.

Studies implementing confinement effects into EOS are available in the literature. Schoen
and Diestler (1998) modified the van der Waals equation of state by using perturbation
theory to study confined fluids in slit-pores. The developed equation of state can predict
capillary condensation and depression of critical temperature of a fluid in mesopore
qualitatively. The predictions of the equation of state were however found to be
unsatisfactory in the vicinity of critical region. Zhu et al. (1999) studied confined fluids
in cylindrical mesopores and developed an EOS by using the theory of thermodynamical
interfaces to describe N2 adsorption in different pore sizes. The EOS took into account
the facts of the attractive interactions between the adsorbed molecules and the wall, the
curvature of the gas/adsorbed phase interface and surface tension. Zarragoicoechea and
Kuz (2002 and 2004) studied confined fluids in square cross section pores by extending
van der Waals EOS to a microscopic van der Waals mean field model to describe the
Lennard-Jones fluids confined in nanopores. They assumed a tensorial character for the
pressure of confined fluid and neglected the interaction between the fluid molecules and
the wall. However, they did not find good agreement between the predicted capillary
condensation and critical temperature and experimental data. Derouane (2007) proposed
a simple modification of van der Waals EOS by introducing a new term that takes into
account the attractions between the fluid molecules and the pore wall. The short-range
repulsion effects are ignored as the first approximation. The model quantitatively predicts

the critical temperature decreases and critical pressure increases by decreasing the pore
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size. These results are in general agreement with the findings from molecular simulation
studies of Singh et al. (2009) for pore sizes bigger than 2 nm. Travalloni et al. (2010a)
developed a new version of the van der Waals EOS to study phase behavior of confined
pure fluids and mixtures in porous media. A continuous and homogenous cylinder was
assumed to be the representative of each pore while fluid molecules were assumed
spherical. Fluid molecule-fluid molecule and fluid molecule-solid wall interactions were
included in the EOS through square-well potential. The developed EOS has two fitting
parameters. It was claimed that the model could be used for estimation of confined and
bulk fluid properties because the effect of pore size was included in the EOS. Adsorption
experimental data of pure fluids (C1, C2, N2, H2, toluene, and 1-propanol) at low
pressures (close to atmosphere pressure) were used to find the fitting parameters of the
model. Using the fitted parameters of pure fluids, the validity of the model was tested by
satisfactorily predicting the adsorption of binary (C1-C2 and toluene-1-propoanol) and
ternary mixtures (C1-N2-H2). Travalloni et al. (2010b) studied critical behavior of
confined pure fluids in porous media using the novel version of van der Waals EOS
developed by Travalloni et al. (2010a). They determined that confined pure fluids may
exhibit one or two mechanically stable critical points, due to the presence of strong fluid
molecule-solid wall interactions. They also indicated that the prediction of the distinct
critical points for these confined fluids is likely to be useful in describing phase transitions

in adsorption isotherms.

Most of these studies, although considered the confinement effects using different
approaches, only apply to certain conditions and/or temperature and pressure ranges. For

example, Travalloni et al. (2010a and 2010b) focused on the pressure range up to 6 MPa
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(870 psi). Schoen and Diestler (1998) and Zhu et al. (1999) investigated pure inorganic
component (SFs and Ny, respectively) and mainly within the temperature and pressure
ranges where capillary condensation can occur. Zarragoicoechea and Kuz (2002 and
2004) predicted the critical temperature shift using the modified van der Waals EOS
model and had good match against experimental data. However, it only covers the range
of pore size up to only two times the fluid molecular diameter. Derouane (2007) modified
the van der Waals EOS by adding a new term to consider the fluid-wall interactions but
no additional information about how to solve for the parameters in the new term was
documented. However, Derouane (2007) gives a direction of research of implementing
the confinement effects into EOS in a simple way. In this work, we developed a new EOS
that can predict the phase behavior of hydrocarbon fluids for all range of pore sizes from
bulk to nanopore scale sizes (in shale formations) based on van der Waals EOS in a way
similar to Derouane (2007) by adding a new term. The value of the parameter in this new
term was derived based on the molecular simulation data from Singh et al. (2009). The

proposed methodology was also extended to Peng-Robinson EOS for higher accuracy.

2.2 Equation of State Modification

2.2.1 Modification of van der Waals Equation of State

Derouane (2007) stated that the fluid-wall interactions are obviously strong and could
reduce the ‘internal pressure’ correction term in the EOS. Thus, van der Waals EOS is

modified to include fluid-wall interactions as follows:




Where the term % represents the interactions between the fluid molecule and the pore

wall of the porous media. The short-range repulsion effects between the fluid molecule
and the pore wall are neglected and only attraction forces are considered as the first
approximation. The new parameter c is dependent on the pore size. When the pore size is
infinity, the value of ¢ will approach zero and Equation 2.1 will turn to the original van

der Waals EOS.

For any cubic equations of state, the critical isotherm of the PV curve exhibits an
inflection at the critical point. Mathematically speaking, the first and second derivatives

of pressure with respect to volume at a constant temperature are equal to zero at critical

point:

(ﬁ) 0 e e e s e (2.2)
GV T;cr
2

(a ’Z) 0 e 2.3)
av Tcr

Where the subscript “T” means constant temperature and “cr” means critical point. For
both modified and original van der Waals EOS, the expressions of critical pressure and

critical temperature can be derived from Equations 2.2 and 2.3:
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Where P, and T, are the critical pressure and critical temperature of the original van der
Waals EOS; while P, and T, are the critical pressure and critical temperature (under
confinement) calculated from the modified van der Waals EOS. AP¢ and ATc can be

defined as follows:

P-P c
AP, = B o e ettt e e e ees 2.8
Same for ATc:
T -T. 8
Y T 2.9)
T 27bRT

The parameters a and b are the constants of cubic equations of sate for bulk fluid and can

be derived from Equations 2.2 and 2.3 at critical point:
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However, there is no analytical derivation for the new parameter c. The simulation data
from Singh et al. (2009) were used to generate a correlation between pore size and critical
temperature shift to solve for the parameter c. Details were discussed in the next section.
Once the value of ¢ has been determined for a specific pure component in a particular
pore size, the modified van der Waals EOS (Equation 2.1) can be successfully solved to

give fluid properties of that single component.
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For a mixture, similar approach can be used if given a reasonable mixing rule. Although
in the literature, some believed that the confinement effects would have impact on mixing
rules (Travalloni et al., 2010), we keep it the same as what has been used in the original

van der Waals EOS as the first approximation:

n n

a= szl.xja[j ......................................................................................................... (2.12)
i
b=ixibl. .................................................................................................................. (2.13)

Where x; and x; are mole fractions for species i and j, respectively. b; represents the

value of b for species 1 while a;; has the following form:

Gy = (1= )@ X @)™ e (2.14)

In Equation 2.14, k;; is the binary interaction coefficient. For the new parameter ¢ can be

treated in the same way as a, by applying the same mixing rule:

Where c;; can be expressed as:

C; =(1—Jl.j)(cl.><cj)”2 ................................................................................................ (2.16)

Similar to kj;, J;; is another set of binary interaction coefficient that is used to describe the
binary interactions between 1 and j in parameter c. More details of the values of J;; will be

investigated in Chapter 4.

19



Once the values of the EOS parameters are obtained, one can perform the phase equilibria
calculations in confined pores using the modified van der Waals EOS by equating the
fugacities of each component in each phase. The fugacity is the effective pressure that
replaces the true mechanical pressure of a real fluid. In thermodynamics, fugacity
provides the fundamental criterion for phase equilibria calculations. That is, the fugacity
of each component must be equal in all existing phases at equilibrium. To make it
dimensionless, the fugacity coefficient is introduced to be the ratio of the fugacity and the

true mechanical pressure:

Note that in Equation 2.17, f is the fugacity, P is the true mechanical pressure and ¢ is
the dimensionless fugacity coefficient. For a mixture, the fugacity coefficient for each

component is also related to partial fugacity of that component and its composition:

Where x; is the composition of component i in a phase. If the mixture has more than one

phase, then the fugacity coefficient for component i in phase m can be expressed as:

The fugacity coefficient for species 1 in phase m solved from the original van der Waals

EOS is given as:

Ing,, = bn___ 1n((v’*’" _ b’*’”)P) 2 e (2.20)
v ,m
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Where @; ,, and v; i, are fugacity coefficient and molar volume for species i in phase m,
respectively. However, the fugacity expression obtained from the proposed EOS

(Equation 2.1) will change due to the additional c term as:

Ing,, = bun _ _ ln(

(vi’m -b,,, ) P _ 2(a,.’m - c,.’m)
~b,

RT RTv,

im im

Equation 2.21 gives the fugacity coefficient expression for component i in phase m
considering the confinement effects. When the system is at equilibrium and has more than
one phase, the fugacity of each component will equate in each phase. As we can see, the
pore size dependent parameter ¢ will impact the fugacity coefficient and thus can change

the conditions of the equilibrium.

2.2.2 Modification of Peng-Robinson Equation of State

Peng and Robinson (1976) developed a new two-constant EOS, known as Peng-Robinson
EOS, to help better predict the phase behavior of complicated fluids such as petroleum
fluids. The Peng-Robinson EOS has the following form:

P RT B a
v—-b v(v+b)+b(v->b)

Peng-Robinson EOS has been so far widely used in the petroleum industry. Similar
approach of modification can be applied to Peng-Robinson EOS by adding a new term to
consider the fluid-wall interactions:

P RT B a N c
v—-b v(v+b)+b(v-b) v(v+b)+b(v->b)
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Same as that in the previous section, the term represents the interactions

C
v(v+b)+b(v-b)
between the fluid molecule and the pore wall of the porous media. However, the short-
range repulsions are ignored as of now. The expressions of critical temperature and

pressure for both original Peng-Robinson EOS and its modified form are given as:

Pom 00013234 et (2.24)
c b2
a
-, i i i (2.25)
P = 0013234 8 e (2.26)
cz b2
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Where P, and T, are the critical pressure and critical temperature of the original Peng-
Robinson EOS; while P., and T., are the critical pressure and critical temperature

calculated from the modified Peng-Robinson EOS. AP and ATc can be defined as

follows:
P-P C
AP = e (001323 e e 2.28
C I)L b2 > ( )
Same for ATc:
AT, =¥=0.17015 e (2.29)

The same mixing rules that used in the van der Waals EOS in the previous section are
applied here for Peng-Robinson EOS. For any mixtures, the expressions of fugacity

coefficient for species 1 for both original and modified Peng-Robinson EOS are shown

below:
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In Equation 2.31, the term ¢ and c, can be treated in the same way as a and a,, by applying

similar mixing rule.

2.3 Correlations to Determine the Pore Size Dependent EOS

Parameter ¢

Singh et al. (2009) studies the shift in the critical temperature as a function of slit pore
width from 0.5 nm to 5 nm with configurational-bias grand-canonical transition-matrix
Monte Carlo simulation method. Figure 2.1 shows the relationship between AT¢ and pore
size for methane, n-butane and n-octane in graphite and mica porous media on a log-log
scale plot. From the plot, we can see that the change in AT follows the similar trend for
all the cases. That is, the value of AT¢ tends to stabilize around 0.6 when the pore size is
extremely small (<0.7 nm) and begins to decrease with increasing pore size. However,
the rate of change in AT starts to differentiate for different fluids when the pore sizes
greater than 1.5 nm. This is due to the effects of the molecular orientation in small pores
resulted from the fluid molecule-pore wall interactions. Methane has a spherical
molecular configuration and the smallest molecular size. AT¢ for methane declines very

fast at bigger pore sizes compare to n-butane and n-octane that have larger molecular
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sizes. To eliminate the effects of molecular size, the ratio of pore size to effective
molecular diameter is used in Figure 2.2. The effective molecular diameter is neither the
width nor the length of a molecule, but it is the diameter of the smallest cross-section of
a molecule. Mao and Sinnott (2001) proposed the effective size and length of methane,
ethane and butane. From their studies, the effective diameter of methane (0.399 nm) is
only a little smaller than n-butane (0.415 nm) since the cross section of n-butane along
the carbon chain is close to that of methane. However, when the carbon chain of a
hydrocarbon molecule gets longer, the molecular configuration will change as indicated
by Lucia and Bonk (2011). In their studies, they mention that long molecules such as n-
octane can exhibit to the structure that is partially extended and wrapped at the ends in
the liquid state rather than zigzag planar configuration. This finding will change the shape
and area of the cross section of the long n-alkanes and should take into account when
obtaining the effective molecular diameter. Deourane (2007) discussed the same findings.
Basically, what is reported as the diameter of a molecule is actually the van der Waals
diameter when there is no effect of confinement. However, the effective molecule
diameter under confinement will be different due to molecule configuration along the

pore wall resulted from fluid molecule-pore wall interactions.
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In Figure 2.2 the decline rate of AT¢ becomes much closer for all the three different
fluids. A universal correlation can then be applied to present the relationships between

ATc vs. the ratio of pore size to effective molecular diameter as:

AT.=0.6 when (i) 3 TR (2.32)
o
eff
-1.338
AT, =1.1775| 2= when o R (2.33)
O O

If substitute Equations 2.32 and 2.33 into Equation 2.9, the parameter c in the modified

van der Waals EOS can be calculated for any fluids under specific pore size as:

c= 27bRT, x 0.6 when (i] <1.5 (2.34)
8 o
eff
b -1.338
c= 27bR1, x1.1775 L when D =15 (2.35)
Oopr off

Similarly, the parameter c in the modified Peng-Robinson EOS can be obtained by

substituting Equations 2.32 and 2.33 into Equation 2.28:

¢ =5.8772bRT x0.6 when (2] <15 (2.36)
ef
-1.338
D D
c¢=5.8T772bRT, x1.1775| — when — =215 (2.37)
O O
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Chapter 3: Predicting Fluid Density in Nanopores Using
Simplified Local Density/ Peng-Robinson Equation of

State Model

3.1 Background and Previous Work

The fluid density is one of the most important parameters in phase behavior. Many of the
correlations of the fluid properties, such as viscosity, diffusivity, compressibility factor,
interfacial tension and others are developed based on fluid densities (McCain et al., 2011).
The prediction of fluid density is also important in hydrocarbon-in-place calculations in
shale formations due to adsorption phenomena in nanopores (Ambrose et al., 2012). In
conventional formations, where pore sizes are large, fluids are stored in bulk state inside
these pores. The fluid is uniformly distributed and the fluid density remains constant
across the pore width under certain temperature and pressure. However, in shale
formations, the fluid density is not uniformly distributed across the pore due to the
confinement effects. The fluid-wall interactions between the solid porous wall and the
confined hydrocarbon fluids can cause the fluid densities to deviate from the bulk values
(Rangarajan et al., 1995; Mohammad et al., 2009 and Ambrose et al., 2012). The fluids
can get adsorbed near the surface of the pore (mostly organic pores), forming an adsorbed
phase. The fluids of the adsorbed phase can have much higher density compare to that of
bulk phase under the same reservoir condition. These adsorbed fluids are an important
component of hydrocarbon storage in shales. The fluid properties of the adsorbed fluids
are expected to be different from the bulk fluids. Therefore, it is important to predict the

density of the adsorbed fluids in shale formations and should be solved as a prior.
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There are several suggestions in the literature regarding adsorbed phase density
calculations. Dubinin (1960) found that the adsorbed phase density is related to the van
der Waals co-volume constant “b”. Menon (1968) found that the adsorbed phase density
is equivalent to the liquid density that is under the same temperature and pressure
conditions. Li et al. (2003) used a Langmuir-Freundlich adsorption model and found that
the adsorbed phase density is temperature dependent. These references although helpful
in understand the mechanisms of adsorbed, but did not give a clear way to accurately
predict the adsorbed phase density and the temperature and pressure conditions
considered in these references are far below shale reservoir condition. Recently, Ambrose
(2011) performed a molecular simulation study to predict the density of methane in
nanometer slit graphite pores under high temperature high pressure. Results from
Ambrose (2011) using molecular simulation technique showed more detailed adsorption
phenomena than some of the simplified models such as the Langmuir single-layer
adsorption model. Figure 3.1 shows the density profile from molecular simulation results
and the results from Langmuir adsorption model. The pore is in slit shape with width
equal to 2.31 nm. The temperature and pressure are 176 °F and 3043 psi. It is clear to see
that multi-layer adsorption is presented according to the results from molecular
simulation. While Langmuir model only assumes monolayer adsorption. It indicates that
the adsorption in shale formations is somehow complicated and Langmuir model cannot

show all the details.
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Figure 3.1 — Density profile from molecular simulation results and the results

from Langmuir adsorption model (Ambrose, 2011)

Although molecular simulation provides detailed information about fluid distributions
across the nanopores, the high computational cost makes it hard to deal with complicated
field cases but a theoretical study. Moreover, molecular simulations cannot replace any
of the analytical methods since the interpretation of the molecular simulation data, which
is similar to experimental results, always requires analytical tools to achieve a good
understanding of the underlying physics. On the other hand, Density Functional Theory
(DFT) provides both microscopic structure and macroscopic properties of fluid from a
molecular perspective, which bridges the gap between the molecular simulations and
classical thermodynamics (Neimark et al., 2003; Wu, 2005). DFT is considered to be a
statistical thermodynamic method and is widely used in chemical engineering, especially
in the area of fluid storage in capillary systems, such as coals, catalysts and other

nanoporous materials. These media have very similar characteristics compare to the shale
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formations. However, few publications of unconventional shale resource studies using

DFT are available in the oil and gas literature.

In this chapter, we introduce a model built upon thermodynamic equilibrium relations,
named Simplified Local Density (SLD) model. The SLD model is a branch of DFT, which
is first developed by Rangarajan et al. (1995) to study the physical adsorption of the
different over large pressure area including the supercritical ranges. In their studies, Van
der Waals EOS was used to couple with the SLD model to predict the fugacities and
densities of the fluids. Mohammad et al. (2009) extended the model to a generalized Peng-
Robinson EOS and predicted CO2 adsorption on coals. The two EOS parameters “a” and
“b” were modified in the generalized Peng-Robinson EOS. The EOS parameter “a” was
modified based on Chen et al. (1997) to consider the effects of interactions between fluid
and wall on the internal pressure corrections. The other parameter “b” from Peng-
Robinson EOS was generalized based on pure component adsorption data of different
fluids on coals. The simulation results of their SLD model were in good match with the
adsorption isotherm experimental measurements. In their more recent publication,
Chareonsuppanimit et al. (2012), they tried both measurements and modeling on new
Albany shale samples with N2, CH4 and CO2. They found that the SLD model was able

to predict the laboratory measurements, with average absolute percentage deviations of

4% and 9% for CH4 and CO2 adsorption isotherms, respectively.

In this dissertation work, we focused on the predictions of the density distributions in slit-
shaped graphite pores that represented the nanopores inside kerogen in shale formations.

For simplicity and accuracy considerations, the SLD model developed by Rangarajan et
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al. (1995) and the Peng-Robinson EOS with modification by Chen et al. (1997) was used.

The model was extended to mixtures for the investigations of gas condensate systems.

3.2 Model Description

3.2.1 Single Component Model

The fluid density is at highest near the pores and lowest in the center portion of the pores

due to the fluid-wall interactions exerted on the fluids inside the pores. This makes the

fluid density a function of position with respect to the pore wall, p(z), where z is the

distance from the nearer solid wall of a slit shaped pore. The SLD-PR model was

developed based on the chemical potential equality at any perpendicular position from

the pore wall. The model has the following basic assumptions:

At equilibrium, the chemical potentials at any point inside the pore are the same.
At equilibrium, at any point where the fluid-wall interactions are not negligible,
the chemical potential of that point is equal to the summation of chemical
potentials resulting from fluid-fluid and fluid-wall interactions.

The pore should have a perfect slit shape, which has uniform width.

All the fluid molecules are considered to have a ball shape, which means that the
configuration of these fluid molecules has been simplified to a sphere.

The temperature and pressure are uniform inside the pores. The pressure of the

bulk phase of the fluid (pore pressure) is adopted for calculations.

When the system is at equilibrium, the chemical potential of the adsorbed phase is equal

to the chemical potential of the bulk phase. The chemical potential of the adsorbed phase
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can further be expressed as the summation of the chemical potentials from the fluid-fluid

interactions and fluid-solid interactions, as shown in Equation 3.1.

Ui = Mgy = M (Z) F U (Z) oo (3.1)

In Equation 3.1, the subscripts “ads”, “bulk”, “ff” and “fs” refer to the adsorbed phase,
the bulk phase, fluid-fluid interactions and fluid-solid interactions. For slit pores, z is the
distance from point of interest to the nearer solid wall of the slit pore and L-z to be the
distance to the further solid wall, where L is the width of the slit pore (see Figure 3.2).

Then Equation 3.1 becomes:

Hpr = ’uadx(z) :/uff(z)—k’um(z)—kﬂﬁz([,—z) ........................................................... (32)

The chemical potential of the bulk fluid can be written in terms of fugacity:

= 1o (T) + RTln(%) ......................................................................................... (3.3)

0
Where fuuk is the bulk fugacity and fy is the fugacity at an arbitrary reference state.

Similarly, the chemical potential of fluid-fluid interactions can be expressed:

Jr (@)

0

py = uo(T)+ RT In( ) ettt et ettt et ar e ettt erees (3.4)

In Equation 3.4, fi(z) is the fugacity that accounts for the fluid-fluid interactions at any
position z. The fluid-solid chemical potential is, however, related to the fluid-solid pair

potential:

F(2) = N WP (2) oottt ettt (3.5)

Where W(z) is the fluid-solid potential energy function. Lee’s partially integrated 10-4

Lennard—Jones potential is used here to describe such interactions (Lee, 1988):
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IPfS(Z) = 4ﬂpamms€fv0;'s W—E Z +(l+1)a ) ............................................... (36)

Solid molecules
(pore wall)

Fluid molecule

< >
Pore Width=L

Figure 3.2 — Schematic of a slit-shaped pore model

In Equation 3.6, pstom 1S the number of carbon plane atoms per unit area (38.2
atoms/nm®), &rs 1s the fluid-solid interaction energy parameter and oy, is the average
value of the fluid and solid molecular diameter: ors = (055 + 055)/2. 05 is the carbon
interplanar distance which is commonly taken to be that of graphite (0.34 nm), and the
virtual coordinate z’ is defined by z’=z+0osf/2. The summation is over the number of
solid layers from the surface to the bulk of the solid phase. It is assumed that the

interaction between a fluid molecule and solid molecules after the fourth layer is very
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weak, therefore, the counter i varies from 1 to 4. Now combine Equations 3.2-3.5, the

relations of the bulk fugacity and fluid-fluid fugacity can be expressed as follows:

U (2)+ Uy (L-2)

7)= exp| - e | e 3.7
T @)= fou P( RT (3.7)
In this model, fugacities are calculated using PR-EOS:

P 1
- - O e (3.8)

PRT  (1-pb) RT[1+(1-J§)pb][1+(1+J§)pb]
The bulk fugacity can be calculated using PR-EOS in terms of bulk fluid density:
In otk _ b, _ APy —1In P _P_b _ a n 1+(1+\/§) Pounb (39)

P 1-bpy,, RT(1+2bphulk _priulk) RT Q. RT 2\2bRT 1"‘(1_\/5)/)17“1/(17

The fugacity that accounts for the fluid-fluid interactions is expressed as in Equation 3.10.

mQ: bPyea(2) _ a5 (2)Proear (2) —In P _Lb _ az(z)
P 1-bp,(2) RT(1+2bp, ()00} () |RTP,(2) RT| 22bRT

1+(1 + \/E)p,w(z)b ..(3.10)
14(1-2) 9,00 (2

In Equation 3.10, the parameter “a” in PR-EOS has been modified as a function of
position rather than constant to consider the confinement effects on the fluids. This
modification is based on Chen et al. (1997). In their paper, they claimed that the parameter
“a” in PR-EOS depends on the position of interest inside the pore, z, as well as the
dimensionless pore width L/o¢, where L is pore width and o is the Van der Waals
molecular diameter of the fluid. The purpose of this modification is to account for the
variation of attraction potential with respect to position inside the pore for an
inhomogeneous fluid. More details can be found in Rangarajan et al. (1995). The
expressions of the correction on the parameter “a” are shown in Appendix A. From these
expressions, it is clear to see that for a fixed pore size with a particular fluid, the parameter

“a” only depends on position z.
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Finally, the local density at any position z can be obtained from Equation 3.10. In
Equation 3.10, the fluid-fluid fugacity can be calculated from Equations 3.6-3.8 and
Equation 3.9. The local density profile across the pore can then be obtained by
discretizing the pore into small segments and calculating an average p;,.q;(z) for each

segment. An algorithm of local density profile calculations for pure component using

SLD-PR model is shown in Figure 3.3.
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Figure 3.3 — Flow chart for SLD-PR single component model algorithm
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3.2.2 Multi-Component Model
For fluid mixtures, the thermodynamic relations and equilibrium still apply for each
component. That is, for component i, the partial bulk fugacity and partial fluid-fluid

fugacity should still obey the relation expressed in Equation 3.7:

u,-f“(z)*“fsz(L'Z)) .................................................................. (.11)

Vi — .bulk _
[ @= eXP( T

Where the partial bulk fugacity and partial fluid-fluid fugacity for component i can be

obtained using PR-EOS similar to Equations 3.9 and 3.10:

~(3.12)

xP  b\RTp,, RTp,, RT| 2V2bRT|b 4 1+(1-V2) oy

bulk 2y ya, 1+(1+42 b
nd _b.( P —IJ—In[ P Pb}+ a [b,._ E_,,/Jln[ ( )pm

P Pb (3.13)

RTPyea(2)  RT

+

v
In /i = z( P - 1) —In
(2P b\RTP,,(2)

a,(2) | b, 22 ,a5(2) 1+(1+\/§)P/m:(z)b
L - J In
2V2bRT| b ay() 1 (1232 Dy (2D

The parameter x; represents the composition of component i in bulk phase. While the
parameter yi(z) is the composition of component i at position z in adsorbed phase. The

mixing rules for the EOS parameters a and b are given as:

a=§§xixjaij ........................................................................................................ (3.14)

i=1 j=1
Oy = (1= Ky )\J@; oo (3.15)
b= ixib,. .................................................................................................................. (3.16)

Where k;; is the binary interaction parameters (BIPs) between fluid-fluid molecules that
is used to describe the interactions between asymmetric mixtures. The parameter ag

describing the fluid-fluid interactions can have the similar form as parameter a:
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(2= 3 S VO (DDA (D) (3.17)

i=1 j=1

al (2) = (1= ky)\J@7 (2)A7 (2) cooviirreesceeee s (3.18)

For any fluid mixtures, in order to calculate the fluid composition and fluid local density
at any position z, one needs to define the fluid composition of the bulk state. Once the
fluid composition of the bulk state for each component, x; (x=1,2,3....nc), is known, the
partial fugacity £i™"* of each component can be calculated from Equation 3.12. The
chemical potentials account for the fluid-wall interaction between component i and both
pore walls can be calculated from Lee’s potential using Equations 3.5 and 3.6. Then the
partial fluid-fluid fugacity ;" can be obtained from Equation 3.11. After £;™* and ;" are
calculated, the fluid composition y;(z) and fluid local density piocai(z) can be solved from
Equation 3.13 plus the constraint on mole fractions, ),; y;(z) = 1. For i components,
there are i+1 unknowns: y;j(z) for each component i and piocal(z). And there should be i+1
equations: Equation 3.13 for each component i plus the mole fraction constraint. Repeat

the above procedure for each position z from o5 /2 to L — g5 /2 with an increment of dz

will give the density profile across the pore with a fixed width L. Note that the regions
between 0 to g5r/2 and L — 0¢/2 to L are inaccessible due to the size of the fluid

molecules.
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Chapter 4: Studying Confined Fluid Phase Behavior Using

Proposed Models

The previous two chapters were focused on the development of the mathematical
formulations that considered confinement effects on phase behavior calculations. In
Chapter 2 we introduced the modification of EOS to include the fluid-wall interactions,
while in Chapter 3 we discussed the SLD-PR model that can predict the fluid density at
any position inside a confined pore space. In this chapter, we first compared the results
of the models with literature data for validation purposes. Then we performed flash
calculations using the modified Peng-Robinson EOS to show the confinement effects on
phase equilibrium of a hydrocarbon mixture that contains C1, nC4 and C10. Last, we
calculated fluid density profiles using the SLD-PR model in slit pores with fixed width
for different fluids. Sensitivity analysis was performed to investigate the effects of

temperature, pressure, fluid composition and pore size on the density profiles.

4.1 Model Validation

4.1.1 Validation of Modified EOS for Phase Behavior of Confined Fluid

In this section, the bubble point pressures of a C1/nC5 mixture in nanopores were
calculated using Modified Peng-Robinson EOS and compared the results with
experimental data. Sigmund et al. (1973) proposed bubble point pressures for a methane-
n-pentane binary system under effects of curvature (confinement effect) for different
methane compositions. The laboratory measurements of Sigmund et al. (1973) showed
that bubble point pressures suppressed with confined pores. The smaller the pore size, the

more the bubble point pressure suppression was observed. Table 4.1 shows the bubble
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point pressures of the C1/nC5 system with different C1 composition in different pore
sizes calculated by Modified Peng-Robinson EOS as well as the measurements from
Sigmund et al. (1973). The mixing rules used for the EOS parameters were listed in
Chapter 2 as Equations 2.12, 2.13 and 2.15. The Binary Interaction Parameters (BIPs) K
and J;; used in parameters a and ¢ were obtained by using the least squares fitting to the
experimental data. The values of Kj; and J;; were found to be [0 0.021; 0.021 0] and [0 2.1;
2.1 0], respectively and the coefficients of determination, rz, for bulk, 100 nm and 10 nm,

were equal to 0.002589, 0.002183 and 0.001557, respectively.

It is clear to see from Table 4.1 that both the simulation results and the experimental
measurements show the decrease in bubble point pressure with decreasing pore size,
regardless of the C1 composition. However, it is also observed that at high bubble point
pressure range, the difference between the simulation and experimental results becomes
larger when the C1 composition in the mixture increases. And this has led us to have more

investigations on the BIPs.

The BIPs are the empirical or semi-empirical parameters that are required in the use of
any cubic EOS. The BIPs are used along with the mixing rules that are in conjunction
with cubic EOS to represent fluid mixtures. The derivation of the BIPs has been studied
in the past decades and many methods have been developed. Peng and Robinson (1976)
obtained the values of the BIPs from vapor-liquid equilibrium experimental data.
However, for many complex and nonideal systems, fixed BIPs may not do the job. It has
been stated back from 1970s that the BIPs depend on physical parameters, such as

temperature (Schulze 1993 and Estévez et al., 1988) and fluid composition
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(Panagiotopoulos and Reid, 1986; Adachi and Sugie, 1986; Stryjek and Vera 1986;

Lencka and Andrzej, 1991).

To have better performance of the simulation results, the BIPs were corrected and became

composition dependent variables as follows:

0 0029,
Y s DO @.1)
71 0029x,, 0
0 29
J = R 4.2)
Tl 20k, 0

Where xcs represents the composition of n-pentane in the mixture. Table 4.2 gives the
simulation results using the new BIPs. We see better performance of predictions at high
bubble point pressure range especially for bulk and 100 nm. The coefficients of
determination, rz, for bulk, 100 nm and 10 nm reduced to 2.3336e-4, 5.0953e-4 and
0.001465, respectively. Although it is not sufficient to draw conclusions on the
generalizations of the composition dependent BIPs based on the limited data. Such
corrections, however, gives the train of thought in the PVT calculations as an example.
That is, in complex systems, the BIPs can be variable dependent parameters rather than

fixed numbers to have better predictions in the phase behavior.
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TABEL 4.1—Comparison of Simulation Results from Modified PR-EOS Model and

Experimental Data from Sigmund et al. (1973) --- Fixed BIPs

xCH4

Bulk 100 nm 10 nm

mPR- mPR- mPR-

0.0288

0.0628

0.0957

0.1282

0.1911

0.2508

0.3077

0.3748

0.439

0.5041

0.5788

Sigmund EOS Sigmund EOS Sigmund EOS

99.53 98.14 98.62 97.82 90.89 93.43
200.75 198.34 199.09 197.71 184.83 186.73
301.05 297.47 298.7 296.53 278.45 279.28
402.4 398.02 399.41 396.77 373.66 372.93
604.93 600.02 600.8 598.14 565.22 561.12
804.65 800.64 799.62 798.14 756.35 748.26
1001.14 999.7 995.45 996.57 946.49 934.78
1238.58 1244.32 1232.26 1240.55 1178.04 1164.02
1468.08 1487.03 1461.97 1482.32 1409.52 1392.3
1697.94  1738.41 1691.69 1733.08 1638.18 1629.89

196032  2026.49  1955.06  2020.22 1913.11 1904.48
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TABEL 4.2—Comparison of Simulation Results from Modified PR-EOS Model and

Experimental Data from Sigmund et al. (1973) --- Corrected BIPs

Bulk 100 nm 10 nm

xCH4 Sigmund % Sigmund % Sigmund %
0.0288 99.53 98.14 98.62 97.82 90.89 93.43
0.0628 200.75 198.34 199.09 197.71 184.83 186.73
0.0957 301.05 297.47 298.7 296.53 278.45 279.28
0.1282 402.4 398.02 399.41 396.77 373.66 372.93
0.1911 604.93 600.02 600.8 598.14 565.22 561.12
0.2508 804.65 800.64 799.62 798.14 756.35 748.26
0.3077 1001.14 999.7 995.45 996.57 946.49 934.78

0.3748 1238.58 1244.32  1232.26 1240.55 1178.04 1164.02

0.439 1468.08 1487.03 1461.97 1482.32 1409.52 1392.3

0.5041 1697.94 1738.41 1691.69 1733.08 1638.18 1629.89
0.5788 1960.32  2026.49  1955.06  2020.22 1913.11 1904.48
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4.1.2 Validation of SLD-PR model for Density Profiles of Confined Fluid

The purpose of this section is to test the SLD-PR model against the results available from
similar scenarios in the literature to check the accuracy of the model. Ambrose (2011)
obtained pure methane density profiles for different pore widths under 176 °F and 3043
psi using molecular dynamic techniques. The density profiles obtained by Ambrose (2011)
are presented in two ways: number-density profiles and discrete mass density profiles.
The number-density profiles are obtained directly from molecular simulation by counting
the number of methane molecules for every 0.38 nm wide integral across the pore. The
number density was then converted to local mass density to obtain the discrete mass
density profile. Figure 4.1 gives the half methane density profiles in a 3.73 nm wide pore
calculated from molecular dynamics performed by Ambrose (2011) as an example to
show the shape of number-density profile (left) and discrete mass density profile (right).
Here, the mass density profiles from molecular simulation to those obtained from SLD
model since in SLD model the number of molecules is not defined. However, the density
profiles calculated from SLD model are continuous profiles rather than discrete profiles.
So the first thing to do is to average the density within each 0.38 nm wide integral across
the pore. Figure 4.2 shows the continuous methane mass density profile calculated from
SLD model (left) and the equivalent discrete mass density profile (right) in a 2.31 nm
pore under 176 °F and 3043 psi. Note that in SLD model, the regions between 0-0.19 nm
and 2.12-2.31 nm are inaccessible due to the size of the methane molecules. Therefore,
discrete density layers for the two 0.38-nm intervals close to either wall are averaged
based on the densities within half interval length in the range between 0.19-0.38 nm and

1.93-2.12 nm, respectively, instead of the full interval length.
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Figure 4.1 —Number-density profile (left) and discrete mass density profile

(right) of methane under 176 °F and 3043 psi obtained by Ambrose (2011)
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Figure 4.2—Continuous methane mass density profile calculated from SLD
model (left) and the equivalent discrete mass density profile (right) in a 2.31
nm pore under 176 °F and 3043 psi
Figure 4.3 and Figure 4.4 compare the discrete mass density profiles calculated from

SLD model and Ambrose (2011) under 176 °F and 3043 psi in 3.73-nm pore and 2.31-
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nm pore, respectively. Only half of the pore is shown because the density profiles are
symmetric in a slit shaped pore. It is clear to see that the agreement is good between
molecular simulation and SLD model values of methane densities in each layer in both
3.73-nm pore and 2.31-nm pore. Table 4.3 shows the relative errors for each layer in both
3.73-nm pore and 2.31-nm pore. Note that layer 1 represents the interval that is closest to
the wall on the left. It shows that the relative errors are within 5% for all the layers except
layer 1 in 2.31-nm pore (6.85%). From the results, it may be concluded that the results
calculated from SLD model are validated and in agreement with the results obtained from

molecular dynamics performed by Ambrose (2011).
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Figure 4.3—Comparison of density profiles of methane in a 3.73 nm-width slit
pore at 176 °F and 3043 psi obtained from both SLD model and molecular

dynamics performed by Ambrose (2011)

46



0.35
== Molecular Simulation
- I — — —
0.30
= «S].D-PR
0.25
g
5 0.20
2
Z 0.15 |
)
A
0.10
0.05
0.00
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Pore Half Width, nm
Figure 4.4—Comparison of density profiles of methane in a 2.31 nm-width slit
pore at 176 °F and 3043 psi obtained from both SLD model and molecular

dynamics performed by Ambrose (2011)

TABEL 4.3— Relative Errors of Methane Densities Calculated from SLD Model
Compare to Ambrose (2011)

3.73-nm Pore Relative Error 2.31-nm Pore Relative Error
Layer 1 4.25 % Layer 1 6.85 %
Layer 2 0.61 % Layer 2 1.75 %
Layer 3 1.36 % Layer 3 222 %
Layer 4 2.96 %
Layer 5 2.82 %
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4.2 Vapor-Liquid Equilibrium Calculations for Confined Fluid

4.2.1 Flash Calculations

Flash calculations determine the number of equilibrium phases as well as the phase
properties in a system with given temperature, pressure and overall composition. For a
gas-condensate reservoir, where gas and oil are presented, flash calculations can be used
to process with Vapor-Liquid Equilibrium (VLE) calculations. With known reservoir
properties (temperature, pressure and overall composition), the composition of each
component in both liquid phase and vapor phase and the mole fractions of liquid and

vapor phases in the reservoir are calculated by performing flash calculations.

As mentioned previously, the fluid phase behavior will change when the fluids are
confined inside nanopores in shale formations. This phase behavior change includes the
shift in VLE. Thus, conventional flash calculation is no longer valid for confined fluids.
In order to account for the confinement effects, the EOS used in conventional flash
calculation is replaced by the modified PR EOS developed in Chapter 2.2.2. A flash

calculation simulator using the modified PR EOS was developed and discussed.

Before the flash calculations, one needs to determine whether the fluid will actually split
into multiple phases or remain as a single phase at specified composition, pressure and
temperature. If the fluid is stable in single phase, there will be no meaning for the flash
calculations. Li and Nghiem (1982) and Nghiem (1983) showed that the Gibbs tangent-
plane criterion could be used to establish the thermodynamic stability of a given phase.
Whitson and Brulé (2000) mentioned that for a fluid with a given composition, pressure

and temperature, it favors the state that gives the minimum Gibbs energy. That is, the
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fluid will either remain as a single phase or split to more than one phases, depending on
the Gibbs energy of the system that gives a lower value. Therefore, it is necessary to
check the stability of the fluid at given composition, temperature and pressure before

performing the flash calculations.

The stability test that involved a successive-substitution algorithm was first developed by
Michelsen (1982), known as Michelsen stability test. A step-by-step algorithm of the
Michelsen stability test can be found in Whitson and Brulé (2000) and was adopted here.
If the results show that the fluid has two phases under certain temperature and pressure,
an initial guess of the K-values will be generated. Note that the K-value represents the
ratio of composition of one component in the vapor phase to the composition of that
component in the liquid phase at equilibrium. Once the initial guess of the K-values is
obtained, one can perform the flash calculations by equating the fugacities of each
component in the two phases. Figure 4.5 shows the flow chart of the flash calculations
using successive substitution algorithm (more details about the flash calculation
algorithms can be found in Jamili, 2010). The modified PR EOS was used in the flash
calculations. Such flash calculations will be sensitive to pore sizes and is able to capture
the composition change under confinement. In this section, first the results of the new
flash calculations simulator are compared to other calculations as well as experimental
measurements at bulk conditions in the literature. Then the effects of pore size on the

flash calculation results were investigated to show the VLE shift of the confined fluids.
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Figure 4.5—Flow chart of the flash calculation

The flash calculation simulator was validated against the flash calculation results from
McCain (1990) and the experimental data from Sage et al. (1950). A ternary mixture
contains methane, n-butane and decane was flashed under the pressure of 1000 psi and
the temperature of 160 °F. Table 4.4 shows the mixture composition and critical
properties reported in McCain (1990). Table 4.5 gives the BIPs of the mixture from
McCain (1990). The BIPs are assumed to be independent of pressure, temperature and
composition and are treated as fixed values for simplicity. Table 4.6 shows the gas mole
fraction, gas and oil compressibility factors calculated from this work and McCain
(1990). Table 4.7 shows the gas and oil compositions from this work and experimental

data from Sage et al. (1950). Note that the pore size in the modified PR-EOS is set to be
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infinity in the calculation so that the fluid-wall interactions are zero. From the
comparison, it is clear to see that the results from this work are in good agreement with
the flash calculation results from McCain (1990) and experimental data from Sage et al.

(1950) in the bulk state.

Table 4.4—Compositions and Physical Properties of C1-nC4-C10 (McCain, 1990)
Critical Critical Molecular Weight  Acentric
Component Composition
Temp. (°F)  Pressure (psi) (Ib,/1b-mol) Factor
CH4 0.5301 -116.67 666.4 16.043 0.0104
n-C4H 0.1055 305.63 550.6 58.12 0.1995
CioHa 0.3644 652.03 305.2 142.285 0.4898

Table 4.5—Binary Interaction Coefficients of C1-nC4-C10

(McCain, 1990)

CH,4 n-C4Ho CioHa
CH,4 0 0.02 0.04
n-C4H, 0.02 0 0
CioHa 0.04 0 0
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Table 4.6—Comparison of Fluid Properties from This Work and McCain (1990)

Pressure=1000 psi, Temperature=160 °F

Fluid Properties McCain (1990) This Work
Gas mole fraction 0.4015 0.4011
Gas compressibility factor 0.3922 0.3921
Oil compressibility factor 0.9051 0.9048

Table 4.7—Compositions of Qil and Gas from This Work and Sage et al. (1950)

Pressure=1000 psi, Temperature=160 °F

Gas mole Oil mole
Gas mole fraction Oil mole fraction
Component  fraction (this fraction (this
(Sage et al., 1950) (Sage et al., 1950)
work) work)

CH,4 0.9613 0.963 0.2413 0.242

n-C4H 0.0367 0.036 0.1516 0.152

CioHa 0.0021 0.0021 0.6071 0.606

Now we change the pore size to investigate the confinement effects on fluid phase

behavior. For the same ternary mixture containing methane, n-butane and decane under

the pressure of 1000 psi and the temperature of 160 °F, the pore size is decreased from

1000 nm (considered as bulk) to 2 nm. Table 4.8 and Table 4.9 show the gas and oil

compositions in different pore sizes, respectively. Table 4.10 gives gas mole fraction, gas
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and oil compressibility factors in different pore sizes. If we plot gas mole fraction against
pore size, as shown in Figure 4.6, we can see that the gas mole fraction increases with
decreasing pore size. Such changes become much more rapid when the pore diameter is
less than 10 nm. This shows that the confinement effects make this ternary mixture
behaves more like a dry gas. Figure 4.7 shows the K-values for each component in
different pore sizes. From the figure, we can observe that the K-value of methane is
almost constant at any pore sizes regardless of the pore size, while the K-values for n-
butane and decane tend to increase in smaller pores, especially when the pore diameter is
less than 10 nm. The K-value of n-butane increased from 0.24 at bulk to 0.38 when the
pore size is decreased to 2 nm. While, the K-value of decane increased from 0.0035 at
bulk to 0.014 when confined in 2 nm pores, with 4 times increase. These results show
that heavier components, such as n-butane and decane have more tendencies to go to the

vapor phase in smaller pores than lighter component, such as methane.

Based on the results of the flash calculations for the confined fluids, we can see that the
confinement effects have strong impact on fluid phase behavior especially when the pore
size is less than 10 nm. If the fluid has both vapor and liquid phase at equilibrium at given
temperature and pressure, the confinement effects will shift the fluid more to the vapor
phase. If the fluid has more than one component, the confinement effects have larger
impact on heavier component, that is, the K-value of heavier components increase much

more rapidly than the other components when the pore size decreases.

53



Table 4.8—Gas Composition of Each Component in the Mixture in Different Pore

Sizes Pressure=1000 psi, Temperature=160 °F

Pore Diameter, nm

Gas Composition, fraction

Methane n-Butane Decane

1000 0.9612 0.0367 0.0021
100 0.9612 0.0367 0.0021
50 0.961 0.0369 0.0021
30 0.9608 0.0371 0.0022
15 0.96 0.0377 0.0023
10 0.9591 0.0384 0.0025
8 0.9583 0.0391 0.0026
6 0.9569 0.0402 0.0029
5 0.9556 0.0413 0.0031
4 0.9534 0.0429 0.0036
3 0.9492 0.0461 0.0047
2 0.9377 0.0537 0.0086
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Table 4.9—O0Oil Composition of Each Component in the Mixture in Different Pore

Sizes Pressure=1000 psi, Temperature=160 °F

Oil Composition, fraction

Pore Diameter, nm Methane n-Butane Decane
1000 0.2413 0.1516 0.6071
100 0.2413 0.1516 0.6071
50 0.2413 0.1515 0.6072
30 0.2413 0.1514 0.6073

15 0.2414 0.151 0.6076
10 0.2414 0.1506 0.608
8 0.2415 0.1503 0.6083
6 0.2416 0.1496 0.6088
5 0.2418 0.149 0.6091
4 0.2423 0.148 0.6097
3 0.2434 0.1461 0.6104
2 0.2482 0.1413 0.6105
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Table 4.10—Gas Mole Fraction, Gas and Oil Compressibility Factors Against Pore

Sizes Pressure=1000 psi, Temperature=160 °F

Pore Diameter, nm

1000

100

50

30

15

10

Gas Fraction

0.4011

0.4012

0.4012

0.4014

0.4018

0.4022

0.4026

0.4033

0.4039

0.4047

0.4062

0.4088

Gas Compressibility

Factor

0.9048

0.9049

0.9051

0.9053

0.9062

0.9071

0.9079

0.9093

0.9105

0.9124

0.9157

0.9221

0Oil Compressibility

Factor

0.3921

0.3922

0.3924

0.3926

0.3934

0.3944

0.3952

0.3967

0.3981

0.4003

0.4045

0.4151
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Figure 4.6—Gas fraction of the mixture (53.01% C1/10.55% nC4/ 36.44% C10)

against pore sizes under 1000 psi and 160 °F
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4.2.2 Two-Phase Envelope Calculations

A two-phase envelope is a temperature-pressure phase diagram generated by a series of
saturation pressures, including bubble point pressures and dew point pressures, for a
multi-component mixture. For a given temperature, the bubble point pressure is the
pressure where the first bubble of vapor is formed from the liquid. Similarly, the dew
point pressure is the pressure where the first drop of liquid is formed from the vapor at
certain temperature. Therefore, a two-phase envelope separates the fluid mixture into two
regions: the region inside the envelope is the two-phase region, where the mixture is
presented as a combination of liquid and vapor; the other region is the region outside the
envelope, where only single phase (either pure liquid or pure vapor) exists. The phase
envelope calculation is important in the petroleum industry, as it can predict at what
conditions the condensation or evaporation can happen. The shape of the phase envelope
can determine the type of the reservoirs, such as dry gas reservoirs, gas-condensate
reservoirs, retrograde reservoirs, volatile reservoirs or black oil reservoirs, as shown in
Figure 4.8. In this section, we focus on the gas-condensate system and investigate the

effects of confinement on the gas-condensate system in shale resources.

For the same ternary mixture that contains methane, n-butane and decane, a two-phase
envelope can be calculated based on Whitson and Brulé (2000). The original PR-EOS
was replaced by the modified PR-EOS for pore size considerations. The average effects
of pore size were included in the parameter ¢ in the modified PR-EOS, shown in Equation
2.22. Figure 4.9 shows the two-phase envelopes in different pore sizes. It is clear to see
that the confinement effects can change the saturation pressures of the fluid mixtures in

nanoscale pores. The two-phase region of the fluid mixture tends to shrink in smaller
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pores when temperature is greater than 100 °F, resulting in behavior more like a dry gas.
On the other hand, at temperature lower than around 100 °F, the saturation pressures tend
to increase in smaller pores. In a two-phase envelope, the dew point line is separated into
two parts by the cricondentherm point, one called upper dew point line where the pressure
is higher than the cricondentherm point pressure. The other is the lower due point line,
where the dew point pressures on the line are lower than the cricondentherm point
pressure. Note that a cricondentherm point is the point with the maximum temperature at

which condensation takes place.

For upper dew point line, the dew point pressures become lower in small pores where the
pore size is reduced to 10 nm or even smaller. For example, the dew point pressure at 300
°F at bulk is 2780 psi, and is reduced to 2720 psi, 2610 psi and 2130 psi when the pore
size is equal to 10, 5, 2 nm, respectively. There is a difference of 23% between the dew
point pressures for bulk and in pores that have 2 nm in size. On the contrary, the dew
point pressures are higher in smaller pores for lower dew point line. The dew point
pressure at 400 °F changed from 80 psi at bulk to 400 psi for 2-nm pores, where we saw
a dramatic increase. The change in dew point line can affect the prediction of condensate
dropout. If we have a depleting path shown as the black line in Figure 4.9 that goes
through the phase envelopes, it is clear that the depleting path intersects with different
phase envelopes at different pressures, which means different times. Since the phase
envelope shrinks for smaller pores, one can expect the condensate dropout occurs at a

later time when depleting a gas-condensate shale reservoir.
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4.3 Fluid Distributions in Single Pore System

In Chapter 4.2 we discussed the confinement effect on fluid phase behavior. Such effect
is considered to be an averaged effect for single pore system to reveal the overall fluid
thermodynamic relations. However, the fluid-wall interactions are strongly dependent on
the distance between the porous wall and fluid molecules, which makes the fluid
nonuniformly distributed across the pore. Such nonuniformity is important to fluid
storage mechanism as well as fluid transport modeling, and is not observed in the phase
behavior studies in Chapter 4.2. In this section, we investigated the fluid distributions of
a single pore system using the SLD-PR model. Both pure component fluid and mixture
fluid were examined. Sensitivity analysis was performed to see the effects of pore size,

temperature, pressure and fluid composition on fluid distributions.

4.3.1 Fluid Distributions of Single Component and Mixtures in Single Pore System

Consider pure methane in a slit-shaped pore with width of 2.4 nm under the condition of
185 °F and 2600 psi. Figure 4.10 shows the methane local density profile along the pore
as well as the bulk density calculated from the SLD-PR model. Table 4.11 gives the
molecular diameters, fluid-wall energy parameters, as well as fluid critical properties for
methane, ethane, propane and n-butane that were adopted for the calculations. The Data
was originally from Poling et al. (2001). Note that all the results in this chapter were
calculated based on these data. From Figure 4.10 it is clear that the local density of
methane is at its maximum near both walls with the value of 0.48 g/cm® and decreases as
it goes further from the wall and reaches a minimum value of 0.12 g/cm” in the center

portion of the pore. However, we can see that even the minimum value of the local density
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is still higher than the bulk density of methane (0.10 g/cm®), which does not take into
account the fluid-wall interactions. This means in a pore with 2.4 nm widths filled with
pure methane under 185 °F and 2600 psi, the whole pore is under the influence of the

wall and there is no free gas presented inside the pore.

The fluid density distributions were extended from methane to heavier components.
Figure 4.11 shows the density profiles for methane, ethane, propane and n-butane under
176 °F and 3043 psi in a 5-nm wide slit pore. It is clear to see the density profiles for
these four different fluids are distinct from each other. Heavier fluids have higher bulk
densities and adsorbed layer densities than lighter fluids. On the other hand, the density
difference for lighter fluids is greater than heavier fluids. Such density difference is the
difference between the fluid densities at the position closest to the wall compare to the
density in the center of the pore where it is at the lowest value. For example, for methane,
such difference can be 0.27 g/cm, or over 200% in terms of percentage difference. Such
difference is decreased to 0.26 g/cm' or 75% for ethane under the same conditions. And
it is further decreased to 0.19 g/cm’ or 38% for propane and 0.15 g/cm or 25% for n-
butane. This results shows that the effects of confinement are larger for lighter

components, like methane, compare to heavier components such as n-butane.

64



0.6

= Methane Local Density
0.5 + = = Methane Bulk Density
04 |
g0.3 -
~
)
2
‘202 -
o
A
0.1l | = = = - = -
0.0 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

Distance to the left wall, nm

Figure 4.10— Methane local density profile along a 2.4-nm pore as well as the bulk

density under 185 °F and 2600 psi calculated from the SLD-PR mode

Table 4.11—Physical Properties of Different Hydrocarbons
Critical Critical Energy Molecular
Chemical Acentric
Component Temperature Pressure Parameter Diameter
Formula Factor
(°F) (psi) (°F) (nm)
Methane CH,4 -117.0 667.2 -192.2 0.3758 0.011
Ethane C,Hg 90.1 707.8 -71.4 0.4443 0.099
Propane C;Hg 206.0 616.4 -32.9 0.5118 0.153
n-Butane n-C4H; 305.7 551.1 496.85 0.4687 0.199
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Figure 4.11— Density profiles for methane, ethane, propane and n-butane under

176 °F and 3043 psi in a 5-nm wide slit pore calculated from SLD-PR model

Multicomponent fluid mixtures can behave much different than single component fluids.
As discussed previously, the fluid-wall interactions have different effects on different
fluids. This can cause the fluid composition to vary with respect to the distance to the
porous wall, which makes the scenario much more complicated. Consider a binary
mixture that contains 80% methane and 20% n-butane in bulk at 170 °F and 3500 psi in
a 20-nm wide pore, the mixture density profile is calculated using the SLD-PR model and
is shown in Figure 4.12. Note that in Figure 4.13, the fluid density is shown in mol/cm’.
It is clear to see that unlike the single component density profiles, the mixture fluid
density first increases when approaches to the wall and reaches to a maximum value

before it hits the wall, then it starts to decrease when further closer to the wall. The two
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humps of the mixture density profile are the results of fluid composition variance across
the pore. Figure 4.13 gives C1 and C4 composition distribution across the 20-nm pore.
From the plot, it shows that the composition of C1 drops from 80% to almost 0% when it
gets closer to the pore wall. On the other hand, the composition of C4 increases
dramatically in the region near the pore wall. Thus, the mixture density is dominated by
C4 when it is very close to the pore wall. The results show consistent conclusion that the
pore wall favors heavier components much more than lighter components. In order to
further investigate the relationships between the mixture and single component density
distributions, we put the pure C1 and C4 density profiles along with the mixture density
profile on the plot, as shown in Figure 4.14. It is clear to see that the mixture density
profile tends to approach the pure C4 density profile when close to the wall. This
demonstrates the reason why the mixture density profile will decline near the wall. We
can also observe from Figure 4.15 that the adsorption of pure methane is significantly
stronger compare to the mixture adsorption and pure C4 adsorption. This means that the
adsorption ability of light component, such as C1, is stronger than heavier component,

such as C4.
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Figure 4.14— Density profiles of pure C1, pure C4 and 80% C1/20% C4 mixture

in the 20-nm pore at 170 °F and 3500 psi calculated from SLD-PR model

4.3.2 Sensitivity Analysis

In the previous section, we discussed the density distributions of both single component
and mixture fluids. The pore size, temperature, pressure and fluid composition were fixed
during the study. In this section, we will investigate the influences of these parameters on

the fluid density distributions.

Pore size is one of the most important factors that can influence fluid density distributions.
Consider pure methane in a slit-shaped pore under the condition of 185 °F and 2600 psi.
The pore size varies from 2 nm up to 10 nm. Figure 4.15 shows methane density profiles

in pores with width equal to 2, 4, 6, 8 and 10 nm. From the figure, it is clear that the local
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density of methane is at its maximum near both walls with the value of around 0.38 g/cm’
for all the pore sizes. The methane density decreases as it goes further from both walls
and reaches a minimum value at the center of the pore. When the pore size is decreasing,
the percentage of space where the methane is under strong wall influence is increasing
based on the density profile shape. For pores with widths equal to 4, 6, 8 and 10 nm, the
minimum methane densities at the center of the pores are equal to the methane bulk
density, which is 0.11 g/cm’. For the 2-nm pore, even the lowest methane density in the
center is higher than the bulk density. This means in a pore with 2 nm in width, the whole
pore is under the influence of the wall. As a result, the free gas not exist at any places

within the 2-nm pore under the condition of 185 °F and 2600 psi.
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Figure 4.15— Density profiles of methane confined in pores with variety widths
under 185 °F and 2600 psi. Pore sizes of 2, 4, 6, 8 and 10 nm were selected to show

in the figure
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Other than pore size, the pressure and temperature can also influence the fluid density
distributions when confined in nanopores. Figure 4.16 shows the density profiles of pure
methane under variety of pressure conditions, ranging from 3000 to 7000 psi. The
temperature and pore size are fixed to be 200 °F and 10 nm, respectively. From the figure,
we can see that the density profiles are shifting up with increasing pressure. However, the
rate of density increase in the center region is higher to the adsorbed region close to the
walls. For example, when the pressure is changed from 3000 to 4000 psi, the methane
density in the center region of the pore is increased by 0.035 g/cm’. For the regions close
to the wall, such change is 0.020 g/cm’, which is much less than the density change in the
bulk region. The results imply that the pressure has larger impact on the bulk methane
density than the adsorbed methane density. This is because the adsorbed methane has
already been much more compressed compare to the bulk methane due to the fluid-wall
interactions and thus harder to be compressed. The increase in pressure, which is
equivalent to further compressing the fluid, will have more impacts on less compressed

fluids.

In order to investigate the effects of temperature on methane density distributions, four
different temperatures are chosen at the constant pressure of 4000 psi in a 10-nm pore:
150, 200, 250 and 300 °F. Unlike the effects of pressure change on methane densities, as
shown in Figure 4.17, we see that the methane density profile is shifting down at higher
temperature, means that the increase in temperature can cause the decrease in methane
density in both bulk region and adsorbed region inside the pore. The results are consistent
with fluid PVT relations, where an increase in temperature will cause the decrease in fluid

density. Furthermore, the effects of temperature change on methane density in bulk region
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and adsorbed region are similar. For example, when the temperature changes from 150 to
200 °F, the density decrease in the bulk region is 0.018 g/cm’, while the decrease in the
adsorbed region is 0.020 g/cm’. This is because the increase in temperature, which is

equivalent to thermal expansion, is independent on fluid compressibility ability.
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Figure 4.16— Methane density profiles confined in pores under variety pressures.

The temperature and pore size are fixed to be 200 °F and 10 nm, respectively
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Last, we evaluated the effects of changing composition on the mixture fluid density
profiles. Consider a binary mixture contains methane and n-butane in a 20-nm wide pore
at 3500 psi and 170 °F, the density profiles of the mixture fluid are shown in Figure 4.18.
Note that the composition of methane in the mixture is varied from 50% to 80%. It is
clear to see from Figure 4.18 that the density profiles representing different methane
compositions separate well in the center region of the pore, but become closer when
approaching the wall and finally become identical when it reaches the closest position to
the wall. This can be explained by the methane composition distributions, showing in
Figure 4.18. In the center region of the pore, the methane compositions remain constant

and equal to the original methane compositions in the mixtures; the fluid mixture densities
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are also equal to the bulk densities. The mixture that contains heavier component, in this
case n-butane, will have larger density. However, when the fluids become closer and
closer to the wall, the methane compositions drop dramatically and eventually become
almost zero for all the four cases, as shown in Figure 4.19. When the methane
composition of the mixture becomes negligible, the fluid behavior is dominated by n-

butane and therefore the four different mixtures become identical near the wall.
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Figure 4.18— Density profiles of binary mixtures containing methane and n-

butane with variety composition combinations in a 20-nm pore at 3500 psi and

170 °F
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4.4 Adsorption Isotherms of Pure and Mixture Hydrocarbons in

Nanopores

The investigations of adsorption isotherms of pure and mixture gases in nanoporous
materials have been carried out for many decades from both experimental studies
(Dreibach et al., 1999; Heuchel et al., 1999; Yun et al., 2002; Gasem et al., 2003; Harlick
and Tezel, 2003; Wu et al., 2005) and simulation methods (Maddox et al., 1996; Du et
al., 1998; Heuchel et al., 1999; Yun et al., 2002; Gasem et al., 2003; Jiang and Sandler,
2004; Yang and Zhong, 2006; Bae et al., 2008). Until recently, the adsorption of pure
methane in shale rocks has been studied (Nuttall et al., 2005; Beaton et al., 2010; Weniger
et al., 2010; Zhang et al., 2012; Yuan et al., 2014). In this section, we chose some
adsorption experimental data and molecular simulations data from the literature to
compare with the results from the SLD-PR model. The adsorption isotherm at a specific
temperature and pressure is calculated by subtracting the adsorbed density by bulk
density. The adsorbed density is obtained by integrating the density profile calculated

from the SLD-PR model at a specific pore size using the trapezoidal rule.

Yun et al. (2002) reported adsorption measurements of methane, ethane and their binary
mixtures on MCM-41 materials with temperature from 263 to 374 K and pressure from
0.01 to 3.3 MPa. The MCM-41 materials are molecular sieves with cylindrical pore
channels with diameters range from 1.5 to 10 nm and the mean pore size is 4.1 nm. Figure
4.20 shows the adsorption isotherms of pure methane and ethane at 373.15 K. The energy
parameters of methane and ethane used in the model were from Table 1. The wall energy
parameter was adjusted to be 11 K to give the best fit. Figure 4.21 gives the adsorption

isotherms of each component in the binary mixture containing 28.7 mole% methane and
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71.3 mole% ethane at 264.75 K. The results of the mixture adsorption isotherms showed
that the adsorbed amount of methane could be almost negligible. This indicates that

ethane is a stronger adsorbate, compare to methane.
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Figure 4.21— Adsorption isotherms of each component in the binary mixture

containing 28.7% methane and 71.3% ethane at 264.75 K on MCM-41 materials

Du et al. (1998) performed molecular simulations to study the adsorption of pure short n-
alkanes and the binary mixtures of methane/ethane in silicalite with mean pore size
reported as 0.55 nm. The compositions of methane in the adsorbed phase of
methane/ethane were simulated and plotted against bulk methane composition at two
different pressures of 345 and 655 kPa. They compared the results with experimental data
from Abdui-Rehman et al. (1990) and found good match. Here we used the SLD-PR
model to generate the relationships between the methane composition in bulk and in
adsorbed phase, as shown in Figure 4.22. The Lennar-Jones parameters of methane,
ethane and the silicalite wall used in the SLD-PR model were directly adopted from Du
et al. (1998). The mean pore size was adjusted to be 1.6 nm to give the best. From the
figure, it is clearly to see that the SLD-PR model was able to predict the results well with
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data from both molecular simulation data of Du et al. (1998) and experimental data of
Abdui-Rehman et al. (1990). It was found that the methane composition diagram was not
sensitive to pressures. More importantly, it is clear to see that the composition curve is
concave-downward, which means the methane composition in confined space (x-axis) is
smaller than the bulk methane composition (y-axis). For example, the methane
composition in confined silicalite is 7% when the bulk methane composition is 50% at
345 kPa. As the methane bulk composition increases, the confined methane composition
also increases, but the methane bulk composition is always greater than the confined
methane composition. Another example from Figure (17) is that when the bulk methane
composition is 89% and the confined methane composition is 33% at 345 kPa. This means
that the other adsorbate, ethane, is preferentially adsorbed in silicalite compare to

methane.
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Figure 4.22— Methane composition diagram of a methane/ethane mixture at

pressure of 345 and 655 kPa

Zhang et al. (2012) performed a series of methane adsorption experiments on organic rich
shales and their isolated kerogens under different temperature conditions with pressure
up to 15 MPa. Shale samples with different organic matter types and thermal maturities
were used. Results showed that the maximum adsorption capacity of methane in type I
kerogen is lower than types II and III. They also found that the methane adsorption
capacity is higher in shale samples with higher thermal maturity. We used the SLD-PR
model to simulate methane adsorption in kerogen concentrates of Green River shale
(type I) and Woodford shale (type II) at 323.15 K, as shown in Figure 4.23. The mean
pore size and pore volume were not given from Zhang et al. (2012). To fit the

experimental data, the mean pore size of 15 nm for both shales and the pore volumes of
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0.29 and 0.46 mL/g for Green River shale and Woodford shale, respectively were used in
the SLD-PR model. There is an excellent agreement between the SLD-PR model and the

reported experimental data.
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Figure 4.23— Methane adsorption in Green River shale and Woodford shale at

323.15K
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Chapter 5: New Gas-In-Place Model for Shale Gas
Condensate plays

5.1 Background and Previous Work

Shale formations are formed by fine-grained, clastic sedimentary rock composed of muds
that consist of two different components, organic matters and inorganic matters. The
organic matters are mixtures of organic materials that are composed of the remains of
once-living organisms such as plants and animals and their wasted products, while the
inorganic matters contain a mix of flakes of clay minerals and small fragments of quartz,
pyrite and other minerals (EIA, 2017). Hydrocarbons can be found in both organic content
and inorganic matrix. The estimation of the total initial gas-in-place is extremely
important not only to gas reserve disclosures, but also for production analysis and
forecast. Volumetric method for gas-in-place estimations is quite often used for newly
developed fields with key reservoir parameters obtained, such as total porosity (including
clay-bound water), water saturation, bulk rock density, fluid composition and so on
(Luffel and Guidry, 1992 and Mavor and Nelson, 1997). These parameters can be
measured with well logs, fluid sample analysis and core sample analysis. Such parameters
allow us to predict the total volume associated with hydrocarbons, which leads to the

estimation of gas-in-place.

The petrophysical characterizations in shales have been well investigated recently.
Figure 5.1 provides a typical volumetric petrophysical model for shale formations. It is
known that the gas is stored in two different forms in kerogen (organic content) in

organic-rich shale formations, free gas and adsorbed gas. Figure 5.2 illustrates the
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distributions of fluids in the total pore volume. The total porosity is divided into two
categories, with one associated with organic porosity, named kerogen porosity and the
other one associated with the porosity within the inorganic matrix. The pore volume in
the inorganic matrix is occupied by free gas and formation water, while the pore volume
of the organic content is filled with adsorbed gas and free gas. In this storage model, the
adsorbed gas in inorganic matrix and the water in organic materials are assumed to be
negligible. The characteristics and properties of the adsorbed phase, such as thickness and
density are extremely important for shale gas-in-place calculations. These parameters are
direct inputs to the volumetric method. Inaccurate predictions of the adsorbed phase
properties can result in either under- or over-estimation of the true total hydrocarbon

capacity in the shale formations.

Kerogen

Volume J
Kerogen - [k Gas in Water in
CRWA : kerogen . . P .
cBW  without o inorganic inorganic
volume pore volume pore volume
Total Void Volume

Figure 5.1— Volumetric petrophysical model
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Figure 5.2— Fluid storage model

Several literatures regarding the methodologies of shale gas-in-place calculations
considering the adsorbed phase are available. Ambrose et al. (2010) considered new pore
scale into gas-in-place calculation for dry gas shale. They took into account the volume
occupied by the adsorbed phase and computed the density of the adsorbed phase using
molecular dynamic techniques. Their results showed that the results from molecular
simulations on adsorbed phase density were similar compare to the predictions obtained
from Langmuir single-layer adsorption model for pure methane at reservoir conditions.
Then Langmuir adsorption model was then used to compute the amount of adsorbed gas.
This method may be valid for dry gas shale (pure methane), however, for gas-condensate
shale, where considerable amount of heavier components other than methane can exist,
such method may no longer be valid due to multi-layer adsorption (Li et al., 2014; Ma
and Jamili, 2014; Ma and Jamili, 2016) and heterogeneity in terms of fluid composition
(Didar and Akkutlu 2013; Ma and Jamili, 2014). Their later publication (Hartman et al.,

2011) considered the effects of multi-component on gas adsorption. Extended-Langmuir
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(EL) model and Ideal Adsorbed Solution (IAS) theory were used to characterize the
adsorbed phase. Although the results showed inhomogeneous of the fluid composition
between free gas phase and adsorbed gas phase, they did not provide a clear way to
compute adsorbed phase density and the effects of multi-layer adsorption was not
considered. Li et al. (2014) focused on the gas-in-place calculations of gas condensate
shale with the presence of capillary condensation. The adsorbed phase thickness was
computed based on Shapiro’s model (Shapiro and Stenby, 1996), but the adsorbed phase
density was assumed to be twice as the free gas density. Moreover, Shapiro’s model may
not be valid at pressure above the dew point pressure where there is no capillary

condensation.

The adsorbed phase density and thickness are the key parameters for shale gas-in-place
calculation. As we can see so far, no literatures can provide clear and accurate predictions
of both of the parameters. However, the Simplified Local Density (SLD) theory discussed
in the previous chapters has the capability to calculate the density profiles of the fluids
across the pore. From the density profile, one can easily define the adsorbed phase
thickness and determine adsorbed density as well as fluid composition based on average
values. Therefore, a new GIP volumetric method is developed based on the SLD theory.
In this chapter, we will discuss the mathematical theory of the model and the applications

to predict the total gas-in-place for a field example of Eagle Ford shale.
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5.2 The New Volumetric Method for Shale Gas Content Calculations

A new volumetric method to calculate the gas-in-place was developed based on the
volumetric petrophysical model and the fluid storage model shown in Figure 5.1 and
Figure 5.2. The total gas storage, Gy, describing the amount gas in standard cubic feet at
surface condition per ton rock is used as industrial standard. Based on our fluid storage

model, the total gas storage G is considered to have the following components:

Gy =Gt Gy F Gy it (5.1)

Where Gags represents the amount of adsorbed gas, Grore and Gryinorg account for the free
gas in organic pores and inorganic matrix, respectively. Here we assume that the gas
dissolved in formation water is negligible and there is no hydrocarbon liquid at initial
reservoir conditions (initial reservoir pressure far above the dew point pressure). Each of
the three terms on the right side of Equation 5.1 can be further expressed in terms of

volume occupied and the total bulk mass of rock:

V..
" [inorg,surf
G_f',inarg = M— .................................................................................................... (52)
b
V. .
G, =_Jossus (5.3)
f’or ------------------------------------------------------------------------------------------------------ .
54 Mb
V d:
ads,surf
Ga /s T ettt 5.4
d M, (5.4)

Where Vadssurf, Veorgsurfs Viinorg,surf TEpresent the volume occupied by adsorbed gas, free
gas in kerogen, free gas in inorganic matrix at surface condition, respectively. M, is the

total bulk mass of rock in ton.
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As we can see, in order to calculate the amount of adsorbed gas and free gas in both
organic and inorganic materials, the volume occupied by each type of gas needs to be
known a priori. By known the total porosity and kerogen porosity from petrophysical
measurements, it is easy to separate the void volume into inorganic void volume and
organic void volume. The volume occupied by free gas in inorganic matrix is associated
with inorganic void volume. Equation 5.2 can be further expressed by known

petrophysical parameters:

=8.7355x10° s (I_Sw)__ N (5.5)

prb

G

finorg

Where ¢, and ¢y are the total porosity and kerogen porosity, respectively. Sy, is water
saturation, prres 1S the free gas density at reservoir condition, Z¢ is the compressibility

factor of free gas at surface condition, Mf is the apparent molar density of free gas and

po 1s the bulk rock density. The compressibility factor Zr and the fluid density p¢ s can be
calculated using an equation of state. Peng-Robinson equation of state developed by Peng
and Robinson (1976) was used here. Similarly to Gt jnorg, the amount of gas in the organic

content Gugs and Gr,org can be computed as the following:

Vg —V Z,
=8.7355x10° 2 _"”’S]p T (5.6)

G
f.or
¢ M, p,V,

Vo Z
G, =8.7355x10° — e Lt N (5.7)

¢

Z(yiMVVi )prb

1

The derivations of Equations 5.5-5.7 from Equations 5.2-5.4 are illustrated in Appendix
B. For the void volume in organic content, however, there is no direct petrophysical

measurement that can distinguish the volume occupied by adsorbed gas and free gas. In
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order to calculate the amount of gas Gags and Gr,org, the characteristics of the adsorbed
phase, such as adsorption film thickness, adsorbed phase density and fluid composition

need to be computed first. These are calculated by using the SLD theory.

5.3 Adsorption Film Thickness, Adsorbed Density and Fluid

Composition from SLD-PR Model

The density profile calculated from the SLD-PR model is a continuous profile. A density
profile of 80% methane (C1) and 20% n-butane (C4) at 170 °F and 3500 psi in 20 nm
pore is shown in Figure 5.3 as an example of how the continuous density profile looks
like. As we can see in Figure 5.3, there is no clear transition between the bulk phase and
the adsorbed phase. In order to quantify the amounts of adsorbed gas and free gas, a cutoff
point is used to separate the adsorbed phase and bulk phase. Here, the cutoff points, shown
as the red dots in Figure 5.3, are defined as the positions where the local densities are just
1.15 times higher than the bulk density. Any position inside the pore that has a higher
density than the cutoff density (>1.15%*p) is classified as the adsorbed region. Another
observation from Figure 5.3 is that the density first increases when approaches to the wall
and reaches to a maximum value, after which the density starts to decrease when further
closer to the wall. The result is different from what to be expected, which the fluid density
should always increase when getting closer to the pore wall since the fluid-wall
interactions becomes stronger for pure component. However, when the system has more
than one component, the density profile can be very different because the fluid-wall

interactions between the wall and different fluids are different. This can be further

88



explained by fluid composition distributions, as shown in Figure 5.4. Results show that
the pore wall favors heavier components much more than lighter components. In Figure
5.4, the composition of C1 drops from 80% to almost 0% when it gets closer to the pore
wall. On the other hand, the composition of C4 increases dramatically in the region near
the pore wall. Therefore, the mixture density is dominated by C4, rather than the mixture
itself within the region close to the pore wall. Figure 5.5 shows the density profile of pure
C1, pure C4 and the 80%/20% mixture in the same figure under the same temperature
and pressure conditions. It is clear to see that the mixture density profile tends to approach
the pure C4 density profile when close to the wall. This demonstrates the reason why the
mixture density profile will decline near the wall. We can also observe from Figure 5.5
that the adsorption of pure methane is significantly stronger compare to the mixture
adsorption and pure C4 adsorption. This means that the adsorption ability of light
component, such as Cl1, is stronger than heavier component, such as C4. This is because
methane molecules are much smaller than butane molecules, thus the pore wall is able to

hold much more C1 than C4.
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Figure 5.3—Density profile of a 80% C1/20% C4 mixture at 170 °F and 3500 psi
in 20 nm pore calculated from multicomponent SLD-PR model. The red dots are

the cutoff points which distinguish the free phase and the adsorbed phase.
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Figure 5.4—C1 and C4 composition distribution in the 20-nm pore at 170 °F and

3500 psi calculated from multicomponent SLD-PR model.
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Figure 5.5— Density profiles for pure C1, pure C4 and 80% C1/20% C4 mixture
in the 20-nm pore at 170 °F and 3500 psi calculated from multicomponent SLD-PR

model.

Once the adsorbed region has been identified, the adsorption film thickness is equal to
the distance from the pore wall to the cutoff point. Meanwhile, the continuous density
can be converted to the equivalent averaged density profiles for both bulk phase and
adsorbed phase, based on the cutoff points defined earlier. All the excess amount of gas
with respect to the bulk state goes into the pre-defined adsorbed phase, leaving the bulk
phase with the same and uniform density and fluid composition as the bulk state. The
fluid density and composition of the adsorbed phase are averaged for convenience. So
there will only have one set of values for the fluid density and fluid composition of the
adsorbed phase in a single pore (see Figure 5.6). Figure 5.7 shows the averaged density
profiles in different pore sizes for the same fluids at the same temperature and pressure

conditions as that in Figure 5.3. As we can see, when the pore size gets smaller and
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smaller, the region occupied by free gas phase is decreasing, but the adsorption thickness
and adsorbed density remain the same. When the pore size is further decreased, the
adsorption film on the opposite pore walls will merge, leaving no bulk phase in the center
of the pore. Upon this point, the pore is all filled with adsorbed gas. We define the pore
size at which the adsorption films from both sides just meet in the pore center is the cutoff
size. Once the pore size is smaller than the cutoff size, the adsorption film no longer exists
since all the pore volume is occupied by adsorbed gas. Meanwhile, the average adsorbed
density starts to increase with further decreasing pore size below cutoff size. The fluid

composition is also expected to change under the same condition.
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Figure 5.6— Continuous density profile (left) and averaged density profile (right) of

the 80% C1/20% C4 mixture in the 20-nm pore at 170 °F and 3500 psi.
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Figure 5.7— Averaged density profile of the 80% C1/20% C4 mixture at 170 °F

and 3500 psi with different pore sizes (20 nm, 10 nm, 8 nm, S nm and 3 nm).
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5.4 Pore Size Distribution and Pore Geometry Consideration in Kerogen

Kerogen is a porous material made by the organic matter that contains mixtures organic
compounds in sedimentary rocks. The pore size in kerogen is typically within the range
of 3-100 nm. It is well documented that the pore size has large impacts on gas adsorption
(Mosher et al., 2013; Didar and Akkutlu 2013; Ma and Jamili, 2014). In order to consider
such effects, pore size distribution is introduced in this GIP model. Here, we generate a
series of pores with their pore sizes follow the normal distribution with specified mean
pore size and standard deviation. In this model, the pores are all assumed to have
cylindrical shapes with its diameter of the circular surface equal to half the height of the
cylinder unless the specific pore geometry parameters are available. For simplicity, the
curvature effects inside the pore have been neglected as of now. Figure 5.8 shows a pore
network established by cylindrical pores with different pore sizes to represent the pore
network system in kerogen. It assumes that gas can only get adsorbed to the sidewall of
the cylindrical pores. It is clear to see that when the pore size is small enough, there is
only have adsorbed gas, but no free gas. With considerations of pore size distribution and
pore geometry, it becomes possible to separately compute the volume occupied by free
gas and adsorbed gas in kerogen based on statistical point of view. Note that the curvature

effects of the cylindrical pores have been ignored as of now.
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Figure 5.8— Pore network established by cylindrical pores with different pore

sizes

Consider a series of pores. For those pores with their sizes less than the cutoff size, all the
volume is taken by adsorbed gas. In this case, the total volume occupied by adsorbed gas
is the same as the void volume created by these pores, Vadssmal, can be calculated as

follows:

n 7ZD1'3
V s et = ZT ................................................................................................. (5.8)
i=1

Where n is the total number of pores with diameters less the cutoff size, D; is the pore
diameter for the ith pore. For the pores with their sizes larger than the cutoff size, the

volume taken by the adsorbed gas, Vags jarge, can be computed as:

w D> (D, - 2f

Vot turee = o e s (5.9)
ds,l arg /Z; 2 2

Where m is the total number of pores with diameters greater the cutoff size, Dj is the

pore diameter for the jth pore and 7 represents the adsorption film thickness obtained
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from SLD-PR model. Thus the total volume occupied by adsorbed gas is the summation

of Vads,small and Vads,large-

Vads = ads’sma” + Vads,large ................................................................................... (5.10)

Once the adsorbed gas volume has been obtained, the amount of free gas in kerogen,
Gt.org, can be solved from Equation 5.6. In order to calculate the amount of adsorbed gas,
Gads, the properties of the adsorbed gas, including density and fluid composition, needs
to be solved from SLD-PR model first. However, as discussed previously, these
properties may vary from pores to pores with different sizes. To accurately compute Gygs,
the amount of adsorbed gas in each single pore is accumulated:

n+m

v - Z
G = |8.7355%10° L (5.11)
k=1 M 4o PV

Note that when the total number of pores, nt+m, is larger. Equations 5.9 and 5.11 can
become time consuming. In such case, one can set up a few reference values of the each
of the parameters (pore volume, adsorbed gas density and composition, etc.) calculated
from chosen pore sizes, so these values from the rest of the pore sizes can be interpolated.
Once Gads, Grorg and Grinorg are calculated from Equations 5.5, 5.6 and 5.11, the total GIP

is obtained from Equation 5.1.
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5.5 Eagle Ford Shale Play

We select the Eagle Ford shale play to investigate the total gas capacity by using the
proposed new method. The Eagle Ford shale play is located at the Western Gulf basin in
south Texas. It lies between the deeper Buda limestone and the shallower Austin Chalk
formation, with depth in the range of [4,000-to 13,000] ft. From northwest to southeast
and from the shallow zone to the deep zone, it covers all hydrocarbon windows, i.e. oil
window, condensate window, and gas window. The condensate window is located at the
middle of the shale play, seen in Figure 5.9. The depth of the condensate window is in
the range of [9,000-to 10,000] ft. The average pay zone thickness is approximately 250
ft. Its temperature is in the range of [263-to 280] °F. The total organic content (TOC) of
the Eagle Ford shale play is of 1% to 7%, and the porosity is in the range of 2 — 11%
(Walls et al., 2011). Table 5.1 gives the petrophysical and reservoir properties adopted
for calculations. The pore size distributions of core samples of the Eagle Ford shale play
have been derived by the NMR logging method, the nitrogen adsorption/desorption
isotherm method, and the scanning electron microscope (SEM) method. The SEM study
showed the SEM images of both kerogen pores and non-organic pores. The analysis
results show that the pore sizes of organic pores and non-organic pores are in range of a
few nm to a few microns (Walls et al., 2011; Rine, 2011). The average pore size used in

the study is 20 nm, with a standard deviation of 10 nm.
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Figure 5.9— Eagle Ford hydrocarbon windows, source from EIA

TABLE 5.1—Effects of temperature on gas storage

Temperature,
Gg. scf/ton Ggingrg. scf/ton  Ggorg, scf/ton Gags. sct/ton
2F
270 128.4 37.2 50.0 41.2
280 126.7 36.6 47.9 422
290 125.1 36.0 47.3 419
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Fluid samples from the Eagle Ford shale play were taken for PVT analysis. However,
there exist only few published data for the fluid composition at the condensate window.
Deo and Anderson (2012) used the fluid composition, listed in Table 5.2, or their
reservoir description and fluid dynamic of the Eagle Ford shale (Deo and Anderson,
2012). In this study, we adopt their fluid composition and modified component C6" into
C6, due to lack of fluid property data for C6". Also, i-C4 and i-C5 are treated n-C4 and
n-C5, respectively for simplicity. The non-hydrocarbon gases CO, and N are ignored in
this study. Table 5.3 gives the physical properties for fluids from C1 to C6. Table 5.4
gives the binary interaction coefficients from Whitson and Brulé (2000). By using the
new volumetric method, it shows that the total gas in place for the Eagle Ford condensate
gas shale play is 132 scf/ton with the given parameters, from which 37 scf/ton is the free
gas in inorganic matrix, 49 scf/ton is the amount of free gas in kerogen and 46 scf/ton is
the total adsorbed gas amount. As we can see, the adsorbed gas amount is significant,
which takes 35% of the total gas in place, although it only occupies relatively small
portion of the total pore volume. Figure 5.10 shows the total gas storage capacity, as well
as the free gas in both kerogen and inorganic matrix and adsorbed gas storage capacity
over the pressure range from 1 MPa to 50 MPa. It is clear to see that the adsorbed gas
storage capacity is the highest among the three, but the differences with the other two are
getting smaller as pressure increases. This is because the free gas is more sensitive to
pressure, since it is much easier to compress, compare to the adsorbed gas, which is
already very packed. As we can predict, when the pressure is high enough, the amount of

free gas can exceed the adsorbed gas and becomes dominant.
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TABLE 5.2—Effects mean pore size on gas storage

Mean pore size,

nm

10
30

50

Gg. scf/ton
129.4
127.5

126.4

Gginorga scf/ton  Ggore. scf/ton
37.2 41.7
37.2 56.7
37.2 65.4

Gggs. scf/ton
50.5
33.7

23.7

TABLE 5.3—Effects pore size standard deviation on gas storage

Pore size
standard

deviation, nm

Gy scf/ton

Giinore. Scf/ton

Gy ore. sct/ton

G4, scf/ton

5 129.3 37.2 424 49.7
10 128.3 37.2 50.0 41.2
15 127.6 37.2 56.2 342
TABLE 5.4— Effects of fluid composition on gas storage
1 G G Ads film
pS2 Y YUfinorgs Yforgs
.. G, scf/ton o Gads, scf/ton  thickness
Composition N scf/ton scf/ton o
nm
80 % 140.5 36.7 51.1 52.8 2.25
60 % 139.0 37.4 53.2 48.5 2.15
40 % 136.1 36.6 57.4 42.2 1.74
20 % 132.4 34.8 58.5 39.1 1.44
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Figure 5.10— Total gas, free gas and adsorbed gas storage capacity over the
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Chapter 6: Adsorption and Capillary Condensation of
Hydrocarbon Mixtures in Heterogeneous Nanoporous

Shales

6.1 Background and Previous Work

It is well known that fluid can be adsorbed on solid surfaces (Langmuir, 1918; Masel,
1996). In conventional rocks where the pore size is large (in the order of millimeters), the
amount of fluid adsorbed is usually ignored compare to large portion of the bulk fluid.
When the pore size becomes extremely small in shale rocks (order of 1-100 nm), the
surface area to volume ratio of these pores becomes significant. The space occupied by
adsorbed fluid is comparable to that of the bulk fluid and is no longer negligible. Although
the processes of adsorption have been well studied in the past century, hydrocarbon
adsorption in shales remains a challenge because of the complexity of the reservoir
environment: high-pressure-high-temperature condition, strong heterogeneity of the
porous rock (Loucks et al., 2012), and multi-component fluid content. It is a common
belief that the fluid is in bulk state in fractures, inorganic pores and the center portion of
the large organic pores, while the adsorbed fluid is mainly associated with the organic
constituent of shale (Ambrose et al. 2012). Some progress has been made toward the
understanding of adsorption in shale recently. Ambrose et al. (2012) performed molecular
dynamic simulations to predict the density distribution of pure methane in nanometer slit
graphite pores at 353 K and 21 MPa. Results showed multi-layer adsorption of methane
occurred on the graphite walls with width ranging from 1.14 to 3.93 nm. Didar and

Akkutlu (2013) performed Monte Carlo simulations to study the fluid behaviors of binary
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hydrocarbon mixtures (C1/C2 and C1/C3). They found that the fluid molecules of the
heavier component preferred to stay in the adsorbed phase. Mosher et al. (2013) used
grand canonical Monte Carlo (GCMC) simulations to investigate methane adsorption in
mircro- and mesoporous carbons. Results showed that methane adsorption loading was
highly sensitive to pore size. The maximum methane excess adsorption at 298 K in 0.4-
nm size pore was 12.5 times greater than that in the 9.0-nm size pore. These molecular
simulation studies provide details of fluid behaviors in nanoscale pores; however, they
are computationally intensive. It limits applications in simulating bigger scale processes

(order of approximately 100 nm and bigger).

For pure fluid, capillary condensation describes the phenomenon that the vapor to liquid
phase transition happens below the saturation vapor pressure of the fluid in confined pore
space. Such process has been known and studied over a century (Thomson, 1872).
Capillary condensation can be seen in adsorption isotherm experiments when the
temperature is below the fluid critical temperature, where a sudden or rapid increase in
fluid adsorbed amount occurs before the saturation pressure and a hysteresis loop may
occur during the process of adsorption and desorption (Thommes et al., 2015). There are
also many models available to predict the phase transitions of capillary condensation,
such as Grand Canonical Monte Carlo (GCMC) simulation, Gibbs Ensemble Monte Carlo
(GEMC) simulation, Quench Molecular Dynamics, Density Functional Theory (DFT)
(Tarazona et al. 1987; Gelb et al. 1999; Monson 2005). Although capillary condensation
is nothing new, the petroleum industry has just started to get more attentions on this
subject due to the recent boom of unconventional shale resources and its potential

existence in those very tight shale resource rocks (5-10 nm pore sizes). In one of earlier
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papers (Chen et al. 2012), capillary condensation of n-hexane was observed in the shale
core plugs. This was the first evidence of capillary condensation of hydrocarbon in shale
resource rocks. In a latter paper (Chen et al. 2013), it was pointed out that the capillary
condensation does not occur in shales if the hydrocarbon is nearly 100% methane because
the reservoir temperature is much higher than the methane critical temperature (190.6 K).
Instead, capillary condensation may occur when the petroleum fluid contains sufficient
amounts of intermediate and/or heavy components, which is the case for many condensate
gas shale plays such as the Eagle Ford, Barnett and Marcellus shales. However, many of
the condensate fluids exhibit retrograde behaviors. That is, one may experience two dew
point pressures of the fluid during one isothermal compression or expansion. In this case,
capillary condensation can shift both the upper and lower dew point pressures from their
bulk values. Such changes may have significant impact on fluid-in-place if the original
reservoir pressure is close to the dew point pressure. Meanwhile, it can also help to predict
the condensate dropout for different pore sizes under the influence of capillary
condensation. Presence of capillary condensation in shale reservoirs can have significant
impact in reserve estimation and “gas” production. If indeed, some or a majority of the
hydrocarbon exists as liquid-like condensation in some shale reservoirs, the reserves
would be much higher than current industry model predicted. In addition, the presence of
capillary condensation in nanopore throats and/or small pores can block gas flow and,
thus, alter matrix transport during production. Therefore, occurrence of capillary
condensation needs to be carefully evaluated to predict production in shale reservoir

engineering.
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In this chapter, we use the SLD model building upon thermodynamic equilibrium
relations to predict fluid density distributions and adsorption for both pure components
and mixtures. The SLD model is one type of DFT and was first developed by Rangarajan
et al. (1995) to study the physical adsorption over large pressure ranges including the
supercritical ranges. The model considers both the fluid-fluid interactions from equations
of state and fluid-pore wall interactions from Lennard-Jones potential energy functions.

A modified PR-EOS (Chen et al., 1997) is used to account for the modified fluid-fluid

interactions under confinement. Lee’ s partially integrated 10-4 Lennard-Jones potential

(Lee, 1988) is adopted to predict the fluid-pore wall interactions between hydrocarbon
molecules and surface wall. We then use Young-Laplace equation coupled with original
PR-EOS to account for the capillarity effects and predict capillary condensation of a
binary mixture in a heterogeneous pore system. In addition, the Young-Laplace equation
is modified to consider the effects of the thickness of the adsorbed layer on pore radius.
The reason to use original PR-EOS instead of a modified one is that we exclude the

adsorbed fluid near the surface wall and treat the fluid in the center as bulk fluid.

6.2 Modified Young-Laplace Equation

In physics, the Young-Laplace equation is used to describe the pressure difference across
the interface between the wetting phase and the non-wetting phase in a media. Such

pressure difference is known as capillary pressure shown in Equation 6.1:

PC = Pnon—wetting - Pwetting ............................................................................................... (6 1)
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where Pc is the capillary pressure. In an oil/gas two phase system, gas is the non-wetting
phase and oil is the wetting phase. When the oil and gas are inside a porous system, the
pore networks were treated as tube shaped. The Young-Laplace equation in such a tube-

shaped pore system can be written as

where y is the interfacial tension, r is the pore radius and 0 is the contact angle of the
oil/gas interface to the pore wall. Since the pore wall is covered with the adsorbed fluid,
the oil and gas phases in the center of the pore have no direct contact to the pore wall and
they are completely wet to the adsorbed layers. Therefore, the contact angle 6 is 0.
Meanwhile, the thickness of the adsorbed fluid can also reduce the pore space occupied
by bulk oil and gas fluid, causing the reduction of the pore radius. To correct this, the
effective pore radius should be used in Equation 6.2 by subtracting the original pore
radius by the adsorption thickness ¢, similar to the classical treatment by BJH (Barrett et

al., 1951). Equation 6.3 then becomes:

Equation 6.3 is the modified version of the Young-Laplace equation in a capillary tube.
In fact, people have been aware of the importance of the adsorption thickness in shales
on gas-in-place, pore size reduction and other aspects in the past few years (Ambrose et
al. 2012; Li et al. 2014; Tan and Piri 2015), but there is no clear and accurate path for
calculation of the adsorption thickness. Although attempts have been made by using the
Shapiro’s adsorption film model (Shapiro and Stenby 1996) to estimate the adsorption

film thickness as an approximation (Li et al. 2013; Li et al. 2014), the many assumptions
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of the model and its limitation that it is applicable only close to the dew point pressure
makes the model less attractive and impractical over larger pressure range. In the next
section, we propose a new method to predict the adsorption thickness from fluid density
distributions across the pore calculated from the SLD model. The determined value of the

adsorption thickness is then adopted in Equation 6.3 for pore radius correction.

In Equation 6.3, the interfacial tension y is determined by the parachor equation:

i=1

4
y = {ZPch[ [xipl? — .00 ]} .................................................................................... (6.4)

where Pch;is the Parachor of component i, x; and y; are the composition of component i
in oil and gas phases respectively and ,Ot? and ,OS are the bulk molar density of the oil

phase and gas phase, respectively. To calculate the fluid composition and density in both
phases, an equation of state is needed and PR-EOS is used. While in the PR-EOS, instead
of using the same pressure, the oil pressure and gas pressure are used separately in the
corresponding phases. With known gas pressure, an iterative method is used to update the
interfacial tension to calculate the oil pressure using Equation 6.3. Successive substitution
is used here for convergence. We then apply such PR-EOS considering the capillary
effects to the phase split calculations to estimate the adjusted saturation pressures (dew
point pressures or bubble point pressures) by given fluid composition, temperature and
pore radius. In the condensate/ retrograde gas region, this shift in dew pressures is the

feature of capillary condensation of the hydrocarbon mixture.
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6.3 Adsorption Thickness Determination with the Presence of Capillary

Condensation

The fluid density distributions across the pore for both pure components and mixtures as
well as the compositional distributions of mixtures were calculated from the SLD model,
as we discussed in Chapter 3. In this paragraph, as an example, we show typical density
and compositional distributions of a synthetic binary mixture that contains 50% methane
and 50% ethane in an 8-nm pore at 350 K and 10 MPa (Figure 6.1). The figure shows
that the fluid density increases rapidly approaching the wall but continuously without a
clear boundary between the adsorbed region and the bulk region, indicating that there is
no clear interface between the “so-called” adsorbed phase and the bulk phase in a pore
that is just a few nanometers wide. In order words, the fluid does not experience a “phase-
transition” in the near-wall region, although its density and the properties deviate
significantly from those of the bulk fluid. This finding implies that the traditional theories,
which treat the adsorption layer as a well-defined homogeneous liquid-like thin film
(Evans et al. 1986; Shapiro and Stenby 1996), may not be suitable for hydrocarbon
adsorption at subsurface conditions in shales, where many of the pores are in the order of

nanometer.
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Figure 6.1 —Density distribution of equal molar C1/C2 binary mixture an 8-nm

pore at 350 K and 10 MPa. Only half of the symmetric pore is shown.

It is important to determine the adsorption thickness in order to calculate the effective
pore radius. Although there is no clear transition between the adsorbed and the bulk
region, an artificial cut-off is desired for this purpose. Walton and Quirke (1989) stated
that the structure of the adsorbed layers was independent of the bulk region in the pore.
It indicates the fluid in the adsorbed region is not sensitive to the phase transition, i.e.
capillary condensation, in the bulk in the center of the pore. This supports the idea that
an effective pore radius should be used to predict the capillary condensation because the
bulk fluid cannot “feel” the real pore size with the presence of the adsorbed layers. Based
on the criteria of adsorbed region definition from Walton and Quirke (1989), discrete
density profiles of hydrocarbons in nanopores are used to evaluate the density change of
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each molecular layer over a large pressure range including a phase change. Consider pure
ethane confined in a 5.33 nm wide slit graphite pore at 300 K, Figure 6.2 shows a series
of ethane discrete density profiles in half of the pore with bulk pressure ranges from 0.5
to 50 MPa. A discrete density profile is generated by averaging the continuous fluid
density within each molecular layer (with its width equals to the molecular diameter)
across the pore. As we can see from the figure, six ethane-layers occupy the half space of
the pore. The averaged ethane density at each layer is building up as pressure increases.
Phase transition from vapor-like fluid to liquid-like fluid in the center region of the pore
is seen between 4 and 4.5 MPa (the saturation pressure of ethane at 300 K is 4.36 MPa).
Figure 6.3 shows density change with respect to pressure for each of the six ethane-layers
from 0.5 to 50 MPa. The red dashed line in the figure represents the bulk vapor saturation
pressure (4.36 MPa), above which the vapor-liquid phase transition will happen in bulk.
It is clear to see that layer 1, which is the layer closest to the left wall, has the highest
density and becomes almost constant when the pressure is larger than 3.5 MPa. This
means layer 1 becomes “saturated” with ethane molecules after pressure reaches about 3.5
MPa and becomes insensitive to further pressure increase or the phase changes inside the
pore. For the second layer, the density is much lower and close to bulk density for pressure
less than 0.5 MPa. After that, its density starts to build up rapidly in the pressure range of
0.5 to 3.5 MPa and becomes almost “saturated” thereafter. These two layers, since their
densities stabilize at pressure much less than the vapor-liquid phase transition pressure,
are considered as adsorbed layers. Therefore, the adsorption thickness in this case equals
to two ethane molecular diameters. For the rest four layers, sharp changes in density are

observed indicating the occurrence of phase transition. It is, however, surprised to see
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that the phase transition happened at different pressures for different layers, but all lower
than the bulk saturation pressure. The closer the layer is to the wall, the earlier the phase
transition occurs. If we subtract the original pore radius by two adsorbed ethane layers,
the effective pore radius is obtained to be 1.78 nm instead of 2.67 nm. We then use the
modified Yong-Laplace equation to predict the confined vapor saturation pressure (blue
dashed line in Figure 6.3). As we can see, it is able to predict the confined vapor saturation
pressure of the two ethane layers in the center of the pore. The phase transition of the two
layers closer to the wall happens even earlier than what is predicted, due to the relatively
stronger fluid-pore wall interactions. We define these two layers as transition layers since
they do not follow exactly neither adsorption process nor phase transition process but lies
in between. It can be found from this case that capillary condensation can occur in the
center of the pore and the transition pressure can be predicted by the modified Yong-
Laplace equation. While in the region near the pore wall where adsorption is dominated,
the fluid cannot feel the phase transition because the space has been already fulfilled due

to strong fluid-wall interactions.
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calculated by the modified Young-Laplace Equation.
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6.4 Adsorption Isotherms in Heterogeneous Nanopore Systems Above

Cricondentherm Temperature

Adsorption isotherms describe the equilibrium state of fluid sorption in a porous material
with incremental pressures at constant temperature. In physical chemistry and material
science area, adsorption isotherms have been utilized to investigate the pore structures
and pore size distribution (PSD) of the material as well as fluid separations over a long
time. While in our study, with known pore structures and PSD from petrophysical
analysis, we aim to use adsorption isotherms to predict the storage capacities of

hydrocarbons in shales at reservoir conditions.

In Chapter 4.4, adsorption isotherms of pure hydrocarbon components and their mixtures
in a single pore system were generated using the SLD model. The results were in good
agreement with experimental studies and molecular simulations. In this part, we extend
the method to a heterogeneous pore system to investigate the fluid behavior in different
size pores at variety pressure conditions. Consider a pore system contains two parallel
graphite pores with different pore sizes, 8 and 20 nm, respectively. The pores have slit
shape and the same pore volume and are connected to a bulk system where the pressure,
temperature and fluid composition are assumed to be constant. A binary mixture of 50%
methane (C1) and 50% propane (C3) is used. The temperature is fixed and the pressure
range is from 0.01 to 50 MPa. The system temperature is chosen to be higher than the
temperature at cricondentherm point of the C1/C3 mixture so that the pressure path is on
the right side of the two-phase envelop of the mixture on a Pressure-Temperature (PT)

phase diagram (as shown in Figure 6.4). In this case, capillary condensation does not
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occur along the isothermal pressure path (details of capillary condensation and its effects

are discussed in the next section).
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Figure 6.4—The bulk two phase envelope of equal molar C1/C3 mixture and the
isothermal pressure path at 360 K from 0.01 to S0 MPa.

Figure 6.5 shows the total adsorption isotherm and the partial adsorption isotherms of
each component in each pore over the pressure range. Without the information of the
adsorbent, the fluid content is shown as molar density. Figure 6.5a gives the amount of
total, bulk and adsorbed fluid from 0.01 to 50 MPa. When the pressure is lower than 5
MPa, the pores mainly contains adsorbed fluid. As pressure get higher, bulk fluid density
becomes dominant and the amount of adsorbed fluid even starts to decrease as pressure
reaches 8 MPa. This indicates that the confined fluid tends to behave similar to bulk fluid
in terms of density at high pressure. Figure 6.5b shows the partial adsorption isotherms

of each component in each pore. The adsorbed and bulk fluid is not distinguished. As we
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can see from the plot, the amount of C3 stored is higher than C1 in each pore. This is the
result of preferential adsorption of heavy component (C3) compare to light component
(C1) in organic nanopores. Larger attraction forces between pore wall molecules and
propane fluid molecules bring more propane than methane into the pore space, especially

at low-pressure range and in smaller pores.
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Figure 6.5—Adsorption isotherms of C1/C3 mixture in a two-pore system. (a)
Total, bulk and adsorbed fluid content of C1/C3 mixture. (b) The C1 and C3 fluid

content in 8 and 20 nm pores.

Figure 6.6 shows the plots of the ratio C3/C1 in the 8§ nm and 20 nm pores over the
pressure range, illustrating the selectivity of C3 over C1. The selectivity describes the
ratio of the total amount of one component over the other in a binary mixture. In this case,
the value of selectivity is the ratio of the amount of C3 to C1 at any particular pressure.
When pressure is low, the pore space is mainly filled with C3 and therefore C3
composition keeps increasing as pressure goes higher. The effect of preferable adsorption
of C3 is more significant in the 8-nm pore than that in the 20 nm pore, where the average
fluid-pore wall interaction is relatively much weaker. When the pressure reaches about 8
MPa, maximum values of C3 selectivity are seen in both pores (2.04 and 1.34 for 8 and

20 nm pores, respectively), according to Figure 8. Further increase in pressure results in
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declination in C3 selectivity, which decreases fast at first and then slows down as pressure
gets higher and has the values of 1.42 and 1.16 for 8 and 20 nm pores at 50 MPa,
respectively. This implies that at high pressure the density of bulk phase is high and close
to the adsorbed phase. It is obvious, from Figure 7 and Figure 8, that 8 nm pore contains
larger amount of C3 while 20 nm pores has larger amount of C1, indicating that heavier
molecules are more likely to stay in smaller pores. The size of pores in kerogen can have
very wide distribution from a few nm to a few hundred nm. Our calculation suggests that
heavier component tends to accumulate into smaller pores while methane stays in larger

pores.

-
2.1 T T T T T T T T T

Snm
20nm

Selectivity

]l ' L i A ' ' 'S A A
0 5 10 15 20 25 30 35 40 45 50
Pressure (MPa)

Figure 6.6—Selectivity of C3 over C1 in 8 and 20 nm pores over the pressure

range of 0.01 to 50 MPa.
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6.5 Capillary Condensation of Retrograde Mixtures

In this section, we investigate the effects of capillary condensation on retrograde
hydrocarbon fluid with the presence of adsorption in heterogeneous pore system.
Consider a binary mixture of methane (C1) and n-pentane (nC5) confined in a pore system
that contains two parallel graphite pores with the same pore volume but different pore
sizes, 14 and 24 nm in diameter, respectively. The pores are assumed to be connected to
an open system with fixed temperature of 360 K and fluid composition of 80% C1 and
20% nCS5. The adsorption region contains two layers of molecules with the thickness of
1.1 nm based on the adsorption thickness calculation. Therefore, the effective radiuses of
the two pores become 5.9 and 9.9 nm, respectively. The isothermal pressure path from
0.1 to 20 MPa at 360 K travels through the two-phase region of the mixture, as shown in
Figure 6.7. The pressure path intersects twice with the dew point line of the phase
envelop, which indicates the retrograde behavior of the fluid. The two-phase envelop in
the plot is for bulk fluid. However, it is known that the two-phase envelop will shift due
to capillary effects (Li et al. 2014; Jin and Firoozabadi 2016). Figure 6.8 gives the
adsorption isotherms of each component in each pore and their total. From the plot, we
can see that the total fluid content experiences two sudden declines. The two jumps are
the sign of capillary condensation in the two different size pores respectively, while the
two sudden decreases represent the capillary evaporation of the fluid confined in the two
pores. Note that the fluid content change is much larger for capillary condensation than
capillary evaporation due to the fact that the capillary evaporation happens at a much
higher pressure where the density different between the liquid and the vapor is much

smaller compare to that at capillary condensation. From quantitative point of view, the
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capillary condensation in 14 and 24 nm pores occurs at 2.6 MPa and 2.8 MPa,
respectively; the capillary evaporation in the two pores occurs at 15.6 and 15.7 MPa,
respectively, while the bulk lower and upper dew point pressures of the mixture at 360 K
are 3.1 and 15.5 MPa, respectively. As we can figure out, the capillary condensation
happens before the pressure reaches the lower dew point pressure and the capillary
evaporation occurs after the pressure exceeds the upper dew point pressure. This is how
the two-phase envelop shifts under the effects of capillarity. We can see that the smaller
the pore size, the larger the shift of the dew point pressures one can have. It is also
observed that the shift of lower dew point pressure is more significant than that of the
upper dew point pressure under the same confining environment. On the other hand, the
partial adsorption isotherms of each component in each pore in Figure 6.8 give more
detailed information on the fluid behavior during the process of the phase transition.
During the process of capillary condensation, there is a huge jump in nC5 content and a
slight decrease in C1 content indicating the phase change from vapor-like fluid to liquid.
As pressure increases in the two-phase region, nC5 content decreases while the amount
of C1 increases based on the flash calculation results. Note that although the liquid
fraction changes with pressure, we assume the pores are fully filled with condensed liquid
once capillary condensation happens due to the assumption that the pores are connected
to an infinite large open system. At capillary evaporation, slight but steep changes of C1
and nCS5 contents imply the phase change from liquid to vapor. When the pressure is
higher than the capillary evaporation point, there is no more capillary condensation.

However, at these pressures the density of the fluid in the pores is not far from the liquid.

119



5
20 T T T T T T T T

(]

Pressure (MPa)
=

Bubble point line 7
—— (ritical point

5L Dew point line
Isothermal Pressure Path

0 ' L I ' A A
200 220 240 260 280 300 320 340 360 380 400
Temperature (K)

Figure 6.7—The bulk two phase envelop of a binary mixture with composition
of 80% C1 and 20% nCS and the isothermal pressure path at 360 K from 0.01 to
20 MPa.

0.012 T T T T T T

Total

e C1 In 12nm pore
nC5 in 12nm pore
0.01 4 CI in 24nm pore
nC5 in 24nm pore

0.008

T

0.006 + .

3
Content (mol/cm™)

0.004 .

0.002

T

() L ' s ' '} A ' L
0 10 12 14 16 18 20
Pressure (MPa)

ra
IS
&
x>

Figure 6.8—Adsorption isotherms of each component in each pore and their
total of a binary mixture with composition of 80% C1 and 20% nCS at 360 K from
0.01 to 20 MPa.

120



Chapter 7: Molecular Dynamics Simulations of

Hydrocarbons in Nanopores

7.1 Background and Previous Work

In Chemical Engineering, molecular simulation techniques have been applied to study
confined phase behavior for many years (Evans, 1990; Gelb et al., 1999; Koga et al., 2001;
Frenkel and Smit, 2001; Alcoutlabi and McKenna, 2005). Their main purposes are to
investigate the fluid properties in nanoporous materials, such as carbon nanotubes,
polymers and porous glasses. Until recently, because of the booming of shale comes to
public, when people realize that fluid behavior in shale media is substantially different
from that in conventional reservoirs, they have started to utilize molecular simulation
techniques to help understand the fluid behaviors in shales. Ambrose et al. (2012)
performed a molecular dynamics simulation study to investigate the adsorption of
methane in a graphite slit. Density profiles of methane across the pore were obtained from
molecular dynamic studies. From the methane density profiles, they found that the density
values of the adsorbed layers were usually 2 to 2.5 times higher than the methane bulk
density. Didar and Akkutlu (2013) performed Monte Carlo simulations to study the fluid
behaviors of binary hydrocarbon mixtures (C1/C2 and C1/C3). They found that the fluid
molecules of the heavier component preferred to stay in the adsorbed phase. Mosher et
al. (2013) used grand canonical Monte Carlo (GCMC) simulations to investigate methane
adsorption in mircro- and mesoporous carbons. Results showed that methane adsorption
loading was highly sensitive to pore size. The maximum methane excess adsorption at
298 K in 0.4-nm size pore was 12.5 times greater than that in the 9.0-nm size pore. Welch

and Piri (2015) performed molecular dynamics simulations to investigate retrograde
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condensation of ethane and heptane in oil-wet nanopores to represent the confined
hydrocarbon fluid behavior in organic nanopores in shales. From the results, they
concluded that molecular dynamics simulations with appropriate force field are able to
capture the phenomenon of retrograde phase behavior for the particular hydrocarbon
binary fluid. They found that high oil-wet nanoscale pore is more likely to induce
condensation at lower pressures than the bulk at 310 K. But the same is not seen at 365
K due to the sealing effect of the condensation to the narrow pores which may slow down
the processes. Sedghi et al. (2016) utilized large-scale molecular dynamics simulations to
perform the oil-water/brine displacements in a calcite nanopore which represents shale
inorganic matrix. The threshold capillary pressures between oil and water/brine in calcite
that account for fluid-wall interactions are obtained under variety of oil composition,
water salinity and temperature and pressure conditions. They found that because of the
adsorption of water layers on calcite pore walls and the strong ordering of water
molecules in those adsorbed layers, the threshold capillary pressure obtained from
molecular dynamics simulations is greater than expected from conventional techniques
such as Mayer-Stowe-Princen (MSP) method. (some of these reviews may be appeared
in the previous chapters scatteredly, they are assembled here to serve for the integrity of

previous work reviews for this chapter).

In this work, LAMMPS was adopted as the Molecular Dynamics Simulator for the
investigation of the confined phase behavior studies. LAMMPS, also known as Large-
scale Atomic/Molecular Massively Parallel Simulator, is a classical molecular dynamics
open-source code that models an ensemble of particles in a liquid, solid, or gaseous state.

It can model atomic, polymeric, biological, metallic, granular, and coarse-grained
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systems using a variety of force fields and boundary conditions. The force field mentioned
here refers to a set of parameters and equations for use in molecular mechanics
simulations. It is designed to model the potential energy of a system of atoms. The force
field we adopted in this study is the one in the Transferable Potentials for Phase Equilibria

(TraPPE) force field family that is particularly for n-alkanes (Martin and Siepmann, 1998).

All MD simulations were performed in parallel using the TraPPE-United Atom (UA)
force field in LAMMPS the stable version. From best practice and preliminary
investigations, the cutoff radius was set to be 1.5 nm and the time step of the simulation
was 2.0 fmsec. All the simulations were performed using constant NPT or NVT time
integration via Nose/Hoover thermostat and barostat. The solid wall configurations (if
any) were all fixed in the simulation, built from Virtual NanoLab 2016.4. The initial
configurations of the fluid distributions in the simulation boxes were built from Packmol,
which is an open source software that is designed for initial configurations of MD

simulations by packing optimization.

7.2 Investigate Bulk Phase Transition of Binary Hydrocarbon Mixture

Using Molecular Dynamics Simulations

In order to evaluate the performance of MD simulations of hydrocarbon mixture phase
behavior quantitatively, a phase separation simulation of bulk C1/n-C4 binary fluid was
performed. By using Packmol, a total number of 25,000 methane molecules and 1,000 n-
butane molecules were generated in a 30 nm long cubic space, as shown in Figure 7.1.

The methane molecules are in blue color and n-butane molecules are shown in red. Only
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the carbon atoms are shown because in the simulation carbon and hydrogen atoms are
defined as a group (pseudo-atom). For example, a methane molecule contains a group of
CHy; a n-butane molecule contains two groups of CH; and two CH». The force field
parameters for C1/n-C4 mixture are obtained from TraPPE-UA and are shown in Table

7.1.

Figure 7.1—The initial configuration of C1/n-C4 binary fluid that contains

25,000 methane molecules and 1,000 n-butane molecules, built from Packmol
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Table 7.1: C1/n-C4 mixture force field parameters from TraPPE-
UA
Group e/kp [K] o [A]
CH4 148.0 3.730
CH3 98.0 3.750
CH, 46.0 3.950

NPT ensemble was used in this constant pressure simulation system. The temperature and
pressure of the simulation are fixed at 200 K and 3.49 MPa, respectively. Figure 7.2
shows the snapshots of the simulation where t = 0 ns, 0.16 ns, 0.5 ns, 4 ns, 15 ns and 20
ns. As we can see, beginning the second graph, condensation dropouts start to show and
are finally accumulated into one large dropout. The figure shows clearly the phase
separation processes within 20 ns of time, starts from vapor phase and ends to vapor-
liquid equilibrium. As we can see, the liquid phase is more concentrated with red
molecules, which are n-butane molecules, and the vapor phase is more concentrated with

blue molecules, which are methane molecules.

Since all the 3D coordinates of each molecules in the simulation box have been recorded
by the system, it is possible to compare the results of MD simulation and PR-EOS
quantitatively regarding phase properties. In Table 7.2, the fluid compositions and fluid
densities of each component in each phase obtained from both MD simulation and PR-

EOS at 200 K and 3.49 MPa are shown.
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Figure 7.2—The snapshots of the MD simulation where t = 0 ns, 0.16 ns, 0.5 ns, 4

ns, 15 ns and 20 ns
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Table 7.2: Phase property results from both MD simulation and PR-EOS at 200
K and 3.49 MPa
MD simulation PR-EOS
C1-nC4 composition in liquid 59.4%-40.6% 59.0%-41.0%
Liquid density (mol/cm®) 0.0167 0.0170
C1-nC4 composition in vapor 99.7%-0.3% 99.8%-0.2%
Vapor density (mol/cm’) 0.0035 0.0032

As we can see from Table 7.2, the results from MD simulation and PR-EOS consist with
each other for both liquid and vapor fluid property predictions. The results give
confidence that the MD simulations are able to capture the phase behavior of hydrocarbon

mixtures precisely.

7.3 Investigate Confined Hydrocarbon Mixture Fluid Behavior in

Organic Nanopores Using Molecular Dynamics Simulations

In the previous section, MD simulation was performed to predict the liquid-vapor phase
separation processes of C1/n-C4 binary mixture in bulk. The results were compared with
PR-EOS and gave good match. In this section, MD simulations were extended to
investigate the fluid behavior in confined space rather than in bulk. Attractive graphite

walls were implemented into the system to represent confinement.

In the first simulation, two graphite sheets spacing 5 nm were generated to represent an

organic pore with uniform width of 5 nm. Inside the pore, a total of 2,800 hydrocarbon
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molecules including 2,500 methane molecules (color in blue) and 300 n-butane (color in

red) molecules were placed randomly inside the pore, as shown in Figure 7.3.

Figure 7.3—The initial configuration of the first simulation. Two graphite sheets
represent an organic pore with uniform width of 5 nm. A total 2,500 methane
molecules (color in blue) and 300 n-butane (color in red) molecules were placed

randomly inside the pore

The pore structure is designed to be fixed in the simulation, therefore, the pore volume
does not change. NVT ensemble was adopted to handle situation like this where the

system has a constant volume. The temperature was fixed to be 253.15 K. Below in
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Figure 7.4 are the snapshots of the simulation where t = 0 ns, 0.02 ns, 0.074 ns and 0.53

ns:

Figure 7.4— The snapshots of the simulation where t = 0 ns, 0.02 ns (upper right),

0.074 ns (bottom left) and 0.53 ns

As we can see from Figure 7.4, when the simulation time gets longer and longer, the n-
butane molecules tend to accumulate to the spaces near the pore walls, forming the
adsorbed phase. In the last graph of the figure where simulation time equals 0.53 ns, we
can barely see any n-butane molecules in the center of the pore. Almost all the n-butane
molecules settle in the adsorbed region with only a few of them to the outside but still not
too far from the pore wall. For methane molecules, although it is not as obvious as n-
butane, it is able to see the density gradient in the direction perpendicular to the pore wall

where it is more concentrated in the regions near the pore wall. Figure 7.5 gives the
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averaged layer partial density distributions for the methane and n-butane inside the pore

(only half of the pore was shown due to symmetry) and the overall density.
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Figure 7.5— The averaged layer density distributions for methane (blue), n-
butane(red) and the mixture total (black). The x-axes Z is the dimensionless pore

width

The density distributions were calculated from the average values from every 2,000
simulation time steps between t = 1 ns and t = 1.5 ns. The length of the layer equals the
diameter of the larger molecule, n-butane in this case. A total of five layers are defined
in half of the pore. As we can see from Figure 7.5, the density of methane increases
gradually from the center of the pore (0.088 g/cm’) to the pore wall (0.248 g/cm®). While
the density of n-butane is almost zero for the four layers in the center and then increase

dramatically to 0.228 g/cm’ in the layer closest to the pore wall, known as the adsorbed
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layer. The results are consistent with what we see from the last snapshot in Figure 7.4,

where the system reaches equilibrium from its initial configuration.

For the second MD simulation, a two-pore system is introduced to investigate the effects
of pore size on fluid behaviors. Figure 7.6 shows the initial configuration of the second
MD simulation. Two pores with different sizes built from graphite sheets are directly
connected to each other. The larger pore has a width of 4.1 nm and the smaller pore is 2.0
nm in width. The four shorter graphite sheets perpendicular to the wall are placed only to
keep fluid molecules inside the pores and have no interactions (LJ energy potential=0).
A total of 900 methane molecules (color in blue) and 300 n-butane (color in red)
molecules were generated randomly in the center of the pores. The system ran under NVT
ensemble with a fixed temperature of 353.15 K. Figure 7.7 shows the snapshots of the

simulation where t = 0 ns, 0.05 ns, 0.15 ns and 1.25 ns.
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Figure 7.6— The initial configuration of C1/n-C4 mixtures in a two-pore system
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Figure 7.7—Snapshots of the simulation where t =0 ns, 0.05 ns, 0.15 ns and 1.25 ns
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As we can see from the figure, n-butane molecules tend to stay close to the pore walls for
both larger and smaller pores. Table 7.3 shows the average number of methane and n-
butane molecules and their compositions in each pore at equilibrium. From the results, it
is clear that the composition of n-butane in smaller pore is larger than that in the larger
pore. This means that competitively, the smaller pore attracts n-butane more than
methane. The molecule number ratio of lager/smaller pore gives a hint of how fluid
distributes differently in the two pores. If the fluid distributes uniformly over the entire
space, this number should be 2.00 (number of molecules should be proportional the
volume of the pore, the volume of the larger pore is 2 times of the smaller pore). In Table
7.3, this number is 2.20 for methane and 1.80 pore n-butane. This means that nearly 10%
of the methane molecules in larger pores have been placed by n-butane molecules due to

the confinement effects.

Table 7.3: Molecule count of methane and n-butane in each pore at equilibrium
Methane n-Butane

Number of molecules in larger pore 619 193

Composition in larger pore 76.2% 23.8%
Number of molecules in smaller 231 107

pore

Composition in smaller pore 72.4% 27.6%

Molecule number ratio of 290 1.80
lager/smaller pore
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Chapter 8: Conclusions and Recommendations

8.1 Conclusions

The following conclusions can be drawn from the dissertation:

1.

The van der Waals and Peng-Robinson EOS were modified to consider the effect
of fluid-wall interactions on phase behavior. Correlations of critical property shift
from three different hydrocarbons (C1, nC4 and nC8) were developed based on
molecular simulation data from Singh et al. (2009) to calculate and include the

effect of fluid-wall interactions into EOS.

The SLD-PR model for both single component (C1, nC4 and nC8) and fluid
mixtures (C1 and nC4) were described. Such model is capable of predicting the
fluid density distributions across the nanoscale pores accurately under much
shorter computational time compare to molecular simulations. The model was

tested with molecular simulation data.

. The confinement effects in nanoscale pores can affect fluid critical properties,

fluid vapor-liquid ratio and K-value for each component. When the pore size gets
smaller, the critical temperatures and pressures of the fluids will decrease and the
fluid vapor-liquid ratio will increase. The K-values of the heavy components in
the mixture (such as nC4 and C10) will increase with decreasing pore size, while
the K-values of the light components (such as C1) remain either constant or

decrease slightly when the pore size decreases.

The two-phase region of hydrocarbon mixtures (53.01% C1/ 10.55% nC4/

36.44% C10) shrinked under the influence of the wall from 100 nm to 2 nm. The
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upper dew point pressure can decrease up to around 100% from 2500 psi to 1300
psi when the fluids are confined in the 2-nm pore. This can either delay the
pressure when condensate dropout occurs by up to 1200 psi or even no occurrence

of condensation during production, of a gas-condensate shale reservoir.

. For a binary mixture contains C1 and nC4, the wall favors heavier component
(nC4) compare to the lighter component (C1). The composition of the heavier
component (nC4) becomes dominant near the wall regardless of the bulk

composition.

. Pore size can decrease the percentage of space occupied by bulk fluid to the whole
pore volume. When the pore size is small enough, the bulk region can disappear
and the whole pore is occupied by adsorbed fluid. For heavier component (such
as nC4), the pore size at which the bulk region just disappears is larger than that

for lighter component (such as C1), under the same conditions.

. Higher pressure can shift the whole fluid density profile to higher values.
However, increase in pressure can have larger impact on the fluid in the bulk
compare to that in the adsorbed region. For example, when pressure increased
from 3000 psi to 4000 psi at 200 °F in a 10-nm pore, the bulk methane density
was increased by 0.035 g/cm’ while the adsorbed methane density was only
increased by 0.020 g/cm’. On the other hand, increase in temperature can decrease
the fluid density for both bulk fluid and adsorbed fluid. The decrease amount of
densities for both bulk fluid and adsorbed fluid are similar. When the temperature

increased from 150 °F to 200 °F, at 4000 psi in a 10 nm pore, bulk methane density
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10.

decreased by 0.018 g/cm’ and methane adsorbed density decreased by 0.020

glem’.

The adsorption of mixture hydrocarbons at high-pressure-high-temperature is
multi-layer adsorption. The Langmuir adsorption theory, which assumes single
layer adsorption mechanism, may not applicable. For the real case gas-in-place
model application, sensitivity analysis on the Eagle Ford fluid showed the storage
capacities of adsorbed gas and free gas in organic content are sensitive to
temperature, pressure, fluid composition and pore size distributions. However, the
total gas-in-place does not change significantly when changing temperature, fluid
composition and pore size distributions. The only dominant effect on total gas-in-

place is pressure.

The effects of adsorption on fluid density and fluid distributions are more obvious
at low-pressure ranges. When the pressure gets higher, the confined fluid tends to
behavior similar to bulk fluid. For example, for an equal molar C1/C3 mixture at
350 K in 8 and 20 nm pores, the C3 selectivity over C1 first increases with
pressure. It then reaches the maximum values of 2.04 and 1.34 for 8 and 20 nm
pores, respectively when the pressure is about 8 MPa. After that the C3 selectivity
starts to decrease as further increase in pressure. The values of C3 selectivity for
8 and 20 nm pores approach to 1.42 and 1.16 when the pressure is at 50 MPa,

respectively.

The phase transition of pure fluid in confined space is analyzed using the discrete

density profiles. The results showed that the molecular layers of the fluid close to
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11.

12.

wall are not sensitive to phase transition (vapor to liquid) when the pore pressure
exceeds the bulk saturation pressure. These layers are fulfilled with fluid
molecules and achieve maximum density at the pressure much lower than the
saturation pressure. For the layers in the center of the pore, sharp density changes
are seen near the bulk saturation pressure indicating the occurrence of phase
transition. However, the phase transitions of these layers occur at pressures lower
than the bulk saturation pressure. The phase transition pressure of these layers can

be roughly estimated by the modified Young-Laplace equation.

The modified Young-Laplace equation is used to predict capillary condensation.
For a retrograde mixture, the effects of capillary condensation can lower the lower
dew point pressure and increase the upper dew point pressure. The shift is larger
for the lower dew point pressure. For example, for a binary mixture contains 80%
C1 and 20% nC5 at 360 K that is confined in a 14-nm pore, the lower dew point
pressure shifts from 3.1 to 2.6 MPa by 0.5 MPa, while the shift for the upper dew

point pressure is only 0.2 MPa, which is from 15.5 to 15.7 MPa.

Molecular dynamics simulations were performed to study the confined fluid phase
behavior for hydrocarbon mixtures. The results were consistent with what we
predict using PR-EOS and SLD model. Heavier components favor to stay as close
to the pore wall as possible, forming the adsorbed phase. For a two-pore system.
Heavier components tend to stay in the smaller pore and squeeze the lighter

component out from the smaller pore to the larger pore.
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8.2 Future Work Recommendations

Although SLD model provides good results and is simple to use, we can extend SLD
model to curvature surfaces such as cylinders and spheres. We can then extend the

methodology to pore networks and upscale to reservoir scale.

In Chapter 8, we see that molecular simulation is a powerful tool to study the confined
phase behavior. Besides adsorption, we can study how and at what situation will
capillary condensation will occur inside the nanopores using molecular dynamics. We
can also run non-equilibrium molecular dynamics simulations to see how adsorption
and capillary condensation can affect fluid flow at different pore size, temperature,
pressure and fluid types. The results from molecular simulation studies can be used

to tune the modified equation of states and/or adsorption isotherms.
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Appendix A: Expressions of position dependent equation

of state parameter

According to Chen et al. (1997), the equation of state parameter, a, which is known as the
internal pressure correction term, is dependent on the position of the fluid molecule with
respect to the pore walls, as well as the pore diameter and fluid molecular diameter.

When L/osf = 3, a(z) has the following expressions:

-3
as(z) 3 5 1{L-z 1
e A P = fOr 0.52 1.5 e (A.1)
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When 2 < L/oss < 3, a(z) is given by:
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If 1.5 < L/ogf < 2, then a(z) is:
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Appendix B: Volumetric Method for Shale Gas Content

Calculations

By definition, the amount of free gas in inorganic matrix is the total volume of the gas at

surface condition per unit mass of rock:

%

" [fiinorg,surf

Gf‘,[norg - Mb ...............................................................................................

Where Viinorgsurf 18 the volume of the free gas at surface condition, My, is the mass of the

rock. By applying the mass conservation at surface condition and reservoir condition, we

can have:
G _ Vf,inorg,res Iof,res
% SN (B.2)
Pt surf P V,

Where Viinorg res 15 the volume of the free gas at reservoir condition, prres and prgur are the
free gas density at reservoir and surface conditions, respectively. The total mass of the
rock in Equation B.2 is expressed as the product of rock bulk density p, and rock bulk
volume Vy. Then, the volume of the free gas at reservoir condition, Viinorgres, can be

expressed in terms of porosity, bulk volume and water saturation.

G _ I/tot[¢t (1 _Sw) _¢k ]pf,res
finorg = P M e (B.3)
surf =" f
PV
Z,RT,,

Where ¢; and ¢ are the total porosity and kerogen porosity, respectively. S,, is water
saturation. In Equation B.3, the free gas density at surface condition in expressed in terms

is apparent free gas molar mass M, compressibility at surface condition Zy, surface
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temperature and pressure and gas constant, based on gas law. If the surface condition is

298.15 K and 0.1 MPa, Equation (A.3) becomes:

[6,(0=8,) =B 10,2

B s 19 w foest f

fainarg = 871355 %10 B e (B.4)
Z(xiMWi o,

1

G

In Equation B.4, the apparent free gas molar mass M is expressed as the summation of
the product of composition and molecular weight for each component. The coefficient
8.7355e5 has the unit of scf*g/(ton*mol). The unit of both the gas density and rock

density is ton/m”.

Similarly, the free gas in organic content Gy, at surface condition.

V& =V )P s s Z

5 ads fres™ f

forg =8 1355X107 — (B.5)
Z(xiMWi )prb

1

G

Different than Equation B.4, the void volume of occupied by free gas in kerogen at
reservoir condition is calculated by subtracting the total kerogen void volume by the
volume taken by adsorbed gas.

Therefore, the adsorbed gas in organic content Ggs is:

Vads p ads,res Z ads

Gads =8.7355%10° By eeeerrrrreeeeeeeeee————————a e e e e e e e e e aeaaaaaes (B.5)
Z(JGMW; )prb

1
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Note that in Equation B.6 all the gas properties are the properties for the adsorbed gas,
which is expected to be different compare to that of the free gas. y; is the average fluid

composition for the adsorbed gas.
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