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ABSTRACT

The average pore size in unconventional, tight-oil reservoirs is estimated to be less than
100 nm. At this pore size, Darcy flow is no longer the dominating flow mechanism and a
combination of diffusive flows determines the flow characteristics. Concentration driven self-
diffusion has been well known and included in the flow and transport models in porous media.
However, when the sizes of the pores and pore-throats decrease down to the size of the
hydrocarbon molecules, the porous medium acts like a semi-permeable membrane, and the size
of the pore openings dictates the direction of transport between adjacent pores. Accordingly,
characterization of flow and transport in tight unconventional plays requires understanding of
their membrane properties.

This Master of Science thesis first highlights the membrane properties of nanoporous,
unconventional reservoirs and then discusses how filtration effects can be incorporated into the
models of transport in nanoporous media within the coupled flux concept. The effect of filtration
on fluid composition and its impact on black-oil fluid properties like bubble point pressure is
also demonstrated.

To define filtration and filtration pressure in unconventional, tight-oil reservoirs, analogy
to chemical osmosis is applied two pore systems connected with a pore throat, which shows
membrane properties. Because the pore throat selectivity permits the passage of fluid molecules
by their sizes, given a filtration pressure difference between the two pore systems, the
concentration difference between the systems is determined by flash calculations. The results are
expressed in the form of filtration (membrane) efficiency, which is essential parameter to define

coupled fluxes for porous media flow.

il
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CHAPTER 1
INTRODUCTION

This thesis presents the research conducted for a Master of Science degree that was
performed under the Unconventional Reservoir Engineering Project (UREP) in the Department
of Petroleum Engineering at Colorado School of Mines. It contains the prelude, motivation and
objectives, problem statement, scope of the study, and the hypotheses in Chapter 1. Chapter 2
provides a background and literature review on membrane properties of shales and coupled
flows. In Chapter 3, basic information about classical thermodynamics is presented. Modeling of
filtration is covered in Chapter 4. Chapter 5 discusses results, and finally, Chapter 6 presents the

conclusions and recommendations of the thesis.

1.1 Prelude

Although reservoir fluids are generally considered to have reached equilibrium at
maturity due to molecular diffusion and mixing over geological times, some reservoirs are
discovered with compositional variations (Danesh, 1998). Firincioglu (2013) have discussed that
thermodynamics in nanoporous media can lead to different molecular compositions of fluid in
different size pores. Moreover, compositional differences have been observed between
hydrocarbons in the reservoir and its associated source rocks. For example, Brenneman and
Smith (1958) reported that there are differences between hydrocarbons, which were extracted
from source rock and hydrocarbon distribution from those in the associated reservoirs.
According to the their research, most of the source oils are composed of more aromatic
hydrocarbons when they are compared to their reservoir oils. Similarly, Hunt and Jameson

(1956) and Hunt (1961) indicated that source oils included more aromatic hydrocarbons



compared to their related reservoir oils. These observations point to the existence of mechanisms
in reservoirs that lead to sieving of hydrocarbon molecules.

Due to the nanometer scales of the pores and pore-throats, tight unconventional reservoirs
are more likely to display membrane properties. For example, McKelvey and Milne (1960) have
found that shale filters salt from solution. Young and Low (1965) have shown the osmotic flow
of water through samples of shale and siltstone. Magara (1974) reported that the salinity
distribution in shale would be inversely proportional to porosity, due to the ion-filtration effect of
the shale. In an extensive study, Neuzil (2000) performed a nine-year, in situ measurement of the
pressure of fluid and solute concentration in the Cretaceous-age Pierre Shale of South Dakota,
USA. Later, Garavito et al. (2006) numerically modeled the fluid pressures and concentrations
obtained in Neuzil’s experiment (2000). The osmotic pressures generated within the period of
nine years were consistent with the generation of large (up to 20MPa) osmotic pressure
anomalies that may persist for tens of millions of years in a geological environment.

Previous studies (e.g., Revil and Pessel, 2002), however, mostly focused on
electroosmotic flow of pore water in nanopores due to electrical potential gradient created by
various natural phenomena. Although these studies address important phenomena, such as the
apparent permeability reduction in silty shales due to the electroosmosis of electrically charged
fluids (usually formation brine), they are less applicable to hydrocarbons as they are usually not
charged. For the flow of hydrocarbons in heterogeneous nanoporous media, pore-size
dependency of phase behavior may cause concentration gradients, and the concentration
gradients may cause diffusion. When the pore-throat sizes approach that of membrane pores,
molecular sieving can also take place. The effect of molecular sieving, or filtration, through

nanopore-throats is similar to that of chemical osmosis; that is, the equilibrium concentration on



the two sides of the nanopore-throat is reached by the flow of the smaller molecules against the
concentration gradient under osmotic pressure. Accordingly, in this work, two-component fluid
systems were constructed in adjacent pores connected by nanopore-throats, which showed
membrane properties. Then by using a flash-calculation algorithm, the concentration difference
between the two sides of the nanopore-throat was recorded as a function of the filtration
(osmotic) pressure. The filtration pressures gradients obtained from flash-calculations are, then,
coupled with the applicable flux laws, such as Darcy’s and Fick’s law.

The macroscopic models of coupled phenomena in porous materials consist of two main
ingredients: conservation and flux equations. The flux equations are the relations between the
flows and the driving forces. Coupled fluxes under isothermal conditions are defined by a
dissipation function, which is a sum of all fluxes where the flux of type i is related to the gradient
of type j through some phenomenological coefficients known as transport parameters. If only one
type of flow is dominant, then the transport parameters may be determined fairly easily from
experiments or a microscopic theory of transport, as in the estimation of permeability from
Darcy’s law. For coupled flows, the interdependency of transport parameters complicates or
prohibits their estimation.

This thesis also contributes to our modeling efforts of flow in unconventional reservoirs
by presenting a coupled flow model including, Darcy flow, self-diffusion, and filtration. It
constructs the dissipation function from the appropriate constitutive relations and demonstrates
the interdependence of the phenomenological coefficients in coupled flow equations. Finally, the
procedures to quantify the filtration are contemplated and the effects of filtration on phase

behaviour are discussed.



1.2 Motivation and Objective

Economic production from shale formations has shown an increase thanks to advances in
horizontal well drilling and hydraulic fracturing. On the other hand, since shale reservoirs have
extremely small pores, hydrocarbon recovery from these reservoirs is still difficult and low.
Moreover, flow mechanisms in these reservoirs are not well understood. Field observations
indicate complex production characteristics; therefore, improved understanding of physics of
flow should provide new insights about productivity of these unconventional reservoirs.

Shale is a fine-grained, sedimentary formation, which is formed by rocks including
claystones, marlstone, mudstones, sandstone, carbonate, and also exhibits a wide range in
compositions including kerogen, clay, quartz, feldspar, pyrite, heavy minerals, etc. Moreover,
shale has different types of porosities, which are intercrystalline, intrakerogen, and intergranular
porosities. Pore and pore throat sizes of shale can be very small in the range of 107’ — 10° m,
and shale matrix permeability is in the range of 10 — 10 md (Fakcharoenphol, 2013).

The objective of this study is to investigate the membrane or filtration properties of
nanoporous shale matrix and the effects of the filtration properties on phase behavior. Because
chemical osmosis, which is called filtration in this research, is to coexist and interact with other
flow mechanisms, it is also of interest to investigate the coupling of filtration with the

conventional flow mechanisms.

1.3 Problem Statement

Concentration gradients in heterogeneous nanoporous media may cause diffusion. If the
pore-throat sizes approach the scale of membrane pores, filtration can also take place. However,
diffusion and filtration may take place in opposite directions with respect to the concentration

gradient. It is important to know the prevailing mechanism at a given point to determine the



correct direction of transport. Moreover, because Darcy’s Law alone cannot describe the fluid
flow in weakly permeable media demonstrating membrane behavior, flow models should be built
based on coupled fluxes, which require quantitative definition of the membrane efficiency of

shales.

1.4 Scope of the Study

The research will comprise the following work:

» Investigate the membrane properties of shale formations by reviewing the literature on
osmosis in water-salt systems.

» Introduce and formulate coupled flows for shales with membrane properties.

» Demonstrate the filtration effect of shale formations to hydrocarbon fluids by showing
the concentration difference between two systems connected by a nanopore-throat as a
function of the filtration (osmotic) pressure.

» Indicate the significance of considering filtration effect on phase behavior and its input on

simulation of flow in nanoporous unconventional reservoirs.

1.5 Hypotheses

The main hypotheses of this research are:

Hypothesis 1: Nanoporous tight oil reservoirs can show filtration or membrane effect to
large oil molecules.

Hypothesis 2: Under different filtration pressures, different concentrations prevail in
different-size pores connected by nanopore throats.

Hypothesis 3: The impact of filtration is significant on phase behavior of the fluid of

nanoporous formations.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

This chapter provides the fundamental definitions and reviews the relevant literature to
provide the background of the research conducted in this study. First, the definitions of osmosis
and osmotic pressure are given. Then, the literature citing the membrane properties and osmotic

efficiency of shales is reviewed. The introduction of the concept of coupled flows follows.

2.1 Osmosis and Osmotic Pressure

Osmosis is a special type of diffusion. Osmotic pressure is created by the chemical
gradient of solutions across a semi-permeable membrane, which allows water molecules but not
solution ions (Neuzil, 2000). Water molecules flow from low-salinity to high-salinity solutions,
due to the difference in water activity, until it reaches equilibrium (Fig. 2.1a). At equilibrium, the

increase in hydrostatic pressure (p) equals the theoretical osmotic pressure () (Fig. 2.1b).

Initial condition Equilibrium condition
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Figure 2.1 — Diagram demonstrating osmotic pressure: (a) at initial condition and (b) at
equilibrium condition.



2.2 Shale as a Membrane

In low permeability media, shale formations could behave as a membrane. McKelvey and
Milne (1960) have found that shale filters salt from solution. Young and Low (1965) have shown
the osmotic flow of water through samples of shale and siltstone. However, they reported that the
osmotic pressures measured in their experiments were less than those in theoretical calculations
due to micro-fractures associated with coring and removal from depth, and the presence of pores
too large to limit the movement of the salt. Magara (1974) found that the salinity distribution in
shale would be inversely proportional to porosity, due to the ion-filtration effect of the shale.

In a comprehensive study, Neuzil (2000) performed a nine-year in situ measurement of
the pressure of fluid and solute concentration in the Cretaceous-age Pierre Shale of South
Dakota, USA. The osmotic pressures generated within the period of nine years were consistent
with the generation of large (up to 20MPa) osmotic pressure anomalies that may persist for tens
of millions of years in a geological environment. Later, Garavito et al. (2006) numerically
modeled the pressures and concentrations of the fluid during the nine-year, in situ osmosis
experiment of Neuzil (2000) in the Pierre Shale from South Dakota.

Membrane properties of shales have also been noted in the drilling literature due to their
negative effect on wellbore stability. Water and ion movement in and out of shale plays an
important role in altering the physicochemical and mechanical properties of the shales, which
leads to problems of wellbore instability and possible hole collapse. Chemical osmosis is one of
the complicated mechanisms that cause the movement of water and ions in and out of shales (Al-
Bazali et al., 2009).

Membrane properties of shales are inferred from the following observations and

hypotheses:



Behavior of argillaceous low-permeability media is analogous to semipermeable
membranes due to the membrane properties of shale layers.

The membrane properties of weakly permeable media are associated with the existence of
the gradient-driven coupled flows

In argillaceous media, chemical osmosis is one of the main coupled flows

The capacity of the membrane to behave as a semipermeable boundary is defined by
chemical osmosis.

Shale is considered as a membrane according to two basic theories (Clay Membrane
Barriers, 2013):

Electrostatic exclusion (charged solutes)

In an ideal membrane (i.e., wy= 1), electric fields associated with the diffuse double
layers (DDLs) of adjacent clay particles overlap within the pore space (Fig. 2.2a). lons
attempting to pass through the membrane are repelled across the entire width of the pore
space.

Conversely, pore spaces of a non-ideal membrane (i.e., 0 < wy< 1) are sufficiently large
that the electric fields do not overlap and contain an area of neutral or "free" solution
through which ions can pass (Fig. 2.2b).

Steric hindrance

This is the geometric restriction that occurs when the size of the solute exceeds the pore
size

It represents a geometric restriction rather than an electrostatic restriction. This is the
exclusion of uncharged solutes (e.g., nonpolar organic solutes), particularly those with

high molecular weight.
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Figure 2.2 — Schematic membrane pore widths: (a) “ideal” membrane: (b) “non-ideal”
membrane. (Clay Membrane Barriers, 2013).

2.3 Osmotic Efficiency in Shale (wy)

The ability of a material to act as an osmotic membrane is quantitatively characterized by
the osmotic or membrane efficiency, denoted by wy, which is also called the reflection
coefficient. Its value ranges between 0, for non-membrane materials, and 1, for materials with
perfect or ideal membrane behavior. Between the two extremes (0 < ;< 1), membranes are
called non-ideal. Both non-ideal and ideal membranes are semi-permeable. The membrane
efficiency of a soil depends on the effective size of the pores, or the size of the free-solution
channels. Because of the variations of the pore sizes in soils, only a portion of the pores display
membrane properties (0 < wy;, < 1), and, therefore, soils are usually non-ideal or leaky
membranes (Kemper and Rollins, 1966; Olsen, 1969; Barbour and Fredlund, 1989; Mitchell,
1993; Keijzer et al., 1997, Malusis et al., 2003). In general, w,increases with the effective stress

and decreases with the solute charge and/or solute concentration (Clay Membrane Barriers,

2013).



2.4 Coupled Flows

Macroscopic models of coupled flows including osmosis in porous media are constructed
from the conservation law and the appropriate constitutive relations. The constitutive relations
are the flux equations (e.g., Darcy’s law, Fick’s law, Ohm’s law, Fourier’s law), which relate the
flows (of matter, electric charge, heat, etc.) to the driving forces (pressure gradients, electrical
potential, temperature, etc.). The proportionality between the flow and the driving force is
represented by the transport parameters (e.g., permeability, osmotic efficiency, electrical and
thermal conductivity, etc.). It is often a complex task to infer these dependencies in precision
(from experiments or a microscopic theory of transport), and often it is considered that the
parameters are constant for simplicity. On the other hand, the conservation equations have the
consolidated structure of the continuity equations. Therefore, the main effort is the formulation
of the flow equations appropriate for a given type of transport processes (Medved and Cerny,
2012).

The types of interrelated coupled flows that can occur under the influences of hydraulic,
electrical, chemical and thermal gradients are given in Table 2.1.

Table 2.1 — Coupled and Direct Flow Phenomena (Yeung and Mitchell, 1993)

Flow J Gradient X

Hydraulic Electrical Chemical Thermal

Fluid Hydraulic Electro-osmosis Normal osmosis | Thermal osmosis
conduction
(Darcy's Law)

Electric Streaming Electric Diffusion and Seebeck effect

Current potential conduction membrane

potentials

lon Streaming Electrophoresis Diffusion (Fick's Soret effect
current Law)

Heat Isothermal heat Peltier effect Dufour effect Thermal
transfer conduction

10




Because nanoporous soils can act as semi-permeable membranes, they are capable of
inducing coupled transport (Yeung and Mitchell, 1993). The characterization of coupled flows
through semi-permeable membranes requires non-equilibrium (irreversible) thermodynamics
formalism with the following assumptions (Baranowski, 1991, Yeung and Mitchell, 1993, and
Malusis et al., 2012)

1. Local equilibrium
ii. Linear phenomenological equations
iii. Validity of Onsager’s reciprocal relations

Coupled fluxes under isothermal conditions are defined by a dissipation function, @, given by

N
=) JX 2.1)
i=1
where
— N —
J = 2{ LX, (2.2)
=

In Eq. 2.2, L;; are the phenomenological coefficients that relate the flux of type i to the gradient
of type j. Assuming isothermal reservoir conditions, the dissipation function, @, for coupled

flows due to hydraulic, electrical, and chemical gradients is given by

=" 2.
ox dx “T' ' ox 2:3)

where M is the number of solute species, p, y, and y; are the liquid pressure, electrical potential,
and the chemical potential of solute i, respectively, and g is the liquid (solution) flux, 7 is the

electric current, and J&is the molar diffusive flux of solute i given, respectively, by

ap W & o,
q:_Lllg_leg_;Ll,ﬂzg (2.4)
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1= _Lzlg_l‘zz ax 2 2,j+2 ax (2.5)

i=1

and

Ji——r 9P

i J+2,1 a j+2,2 a 2 42,42 a ........ j:1,2,...M (26)

If the chemical solution is dilute such that ideal solution relationship walid, we also have

b _RTIC

Ix C !x 2.7

where C;concentration of species 7, R is the universal gas constant and T is the absolute
temperature.

Since, the proposed research topic is mainly focused on flows that, are caused by
chemical gradient, the simplified generalized coupled flow equations provided below would be
used in this work.

For diffusion and osmosis caused by chemical gradient only, Eqgs. 2.1 through 2.7 are

simplified to the following non-charged solute formulation (Malusis et al., 2012).

M
#C
! =||q#pu$Jd RT s

#x o, ° C, #x (2.8)
M RT "C
=1 S
q ) L.Ll n # I_1|+2 C uX (29)
and
0p ~& RT oC
d_ _ L _ I S
Ji=-L, o ; 42,42 C ox (2.10)

The coupled fluxes concept may be applied for filtration in nanoporous media by considering a

single-solute system (M = 1 and for dilute solutions W 1). In this case, we have

12
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uox U ox (2.11)

and

o,Ck " w;Ck
J=—1— 9p_[ 9D, 0K pr IC,
u oJx \ RT u ox (2.12)

where the subscript s stands for the solute and, for our purposes, refers to the hydrocarbon
component that is sterically hindered by the pore-throat size. Dy in Eq. 2.12 is the effective self-
diffusion coefficient for sterically hindered hydrocarbon component, which accounts for the
factors affecting self-diffusion in pore channels and is related to the self-diffusion coefficient, D,
by

D,=1,D, (2.13)
In Eq. 2.13, 7, is a dimensionless apparent tortuosity factor (0 <z, <I) that accounts for the
tortuosity and connectivity of the pore channels as well as any other factor affecting self-
diffusion.

In this interpretation, smaller molecular size hydrocarbons, which are permitted to pass
through the pore throats, are treated as the solvent. Except for the membrane efficiency, w;, of
the nanoporous medium, all of the parameters involved in this formulation are conventionally
determined. Below, we discuss an approach to determine «, for a nanoporous medium. It must
also be noted that the membrane properties of nanoporous media should affect the fluid phase
behavior. Some comments on the effect of membrane behavior on black-oil simulation data will

be provided at the end of the research.
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CHAPTER 3
CLASSICAL THERMODYNAMICS

The behavior of a mixture of hydrocarbons in the reservoir and surface conditions is
specifiedby its chemical composition and the prevailing temperature and pressure. This behavior
is a major factor inlte development and management of reservoirs, which affects all aspects of

exploration and production of oil.

3.1 Reservoir Fluid Composition

There are several hypotheses about the formation of petroleum from organic materials.
These views suggest that t@mposition of the fluid from the reservoir depends on the
depositional environment of the formation, geological maturity, and migration path from source
to trap rocks. Reservoir gassese mainly the light hydrocarbon molecules of small and medium
sizesand some other compounds, such as nitrogen and carbon dioxide, while oils are composed
predominantly of heavier compounds.

As noted earlier, mature reservoir fluids are generally assumed to have reached
equilibrium by molecular diffusion and mixing over geological times. Howevethere are
evidences to indicate the existence of exceptions to this rule (Danesh,[1998).the
formation of fluids of different compositions at different and environments, fluid compositions in
a trapping reservoir can displagrtical and lateral variations. Moreovdrermodynamics in
nanoporous media can lead to different molecular compositions of fluid in different-size

nangores.
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3.2 Fundamental Relationships of Thermodynamics
Equilibrium of fluids and associated engineering applications are of interest in many
fields. Thermodynamics are used to examine the equilibrium of fluids. Below, the fundamental

concepts, definitions and thermodynamic relations for the equilibrium of fluids are reviewed.

3.2.1 Chemical Potential and Fugacity

The distribution of the fluid components among all present phases at equilibrium is the
subject of phase equilibrium thermodynamics. Gibbs solved the problem of thermodynamic
phase equilibrium by introducing the concept of chemical potential. Gibbs free energy, which is

also called as free enthalpy of a fluid is written as (Prausnitz et al., 1986)
k
dG=Vvdp! sdT+" pu dN_ (3.1)

where -
G: Gibbs free energy
V: volume
p: pressure
S: entropy
T: temperature
I': chemical potential
N: number of moles
I : component

At equilibrium conditions, chemical potential of a component in a mixture should be

equal to the chemical potential of the same component in another mixture at a given temperature

and pressure. The equilibrium condition of a mixture is given as (Firincioglu, 2013)
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uo= i (32)

where

,u}n : Chemical potential of component m in mixture 1

,ui : Chemical potential of component m in mixture 2

The chemical potential does not have an immediate equivalence in the physical world.
Therefore, it can be expressed in terms of an alternative function called fugacity, which might be
more easily identified with physical concepts (Prausnitz et al., 1986). Lewis (1901) provided the
following expression for Gibbs energy of a non-ideal fluid at constant temperature;

dG =RTdIn f (3.3)

Here, !, lis the fugacity of component m in a closed single-phase system and has the units

of pressure. If the Gibbs free-energy equation were expressed for an ideal system, the equation

would be

dGm: RTdInP (3.4)

At constant pressure and temperature, it can be demonstrated that

dG =pu_ (3.5)

and

dG =du RTdInf_ (3.6)

As stated before, at equilibrium conditions, the chemical potential of the components
should be equal. Therefore, the fugacity of the components should be equal at equilibrium as

well; that is,

1 _ 2 1 _ o2
‘le_‘u“m%fm_fm (3.7)
where

f’i : fugacity of component m in mixture 1
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/2 fugacity of component m in mixture 2

The equality in Eq. 3.7 is still valid for a multi component system. For a multi component
system, a dimensionless ratio named fugacity coefficient is obtained from the following equation

at constant pressure and mole fraction (x,,):

InJo —LTAV/dP
x P RTy " 3.8)
where ! 1" is the residual partial volume which is a measurement of deviation from the Ideal Gas
Law.
The fugacity coefficient is defined from this equation, as (Firincioglu, 2013)
o
9, =
x P (3.9)

3.2.2 Flash Calculation and Peng-Robinson Equation of State

The phase-equilibrium relationships are commonly used as part of the flash calculations
to carry out volumetric and compositional calculations. The liquid and gas mole fractions of each
component, liquid and gas mole ratios, and properties of a fluid with a given composition can be
found from flash calculations as the temperature and/or pressure of system changes (Firincioglu,
2013). In this study, flash calculations will be performed for liquid-liquid equilibrium since there
are two systems including only liquid phases and, these two systems will be at equilibrium to
each other and within themselves.

In a multi-component system, the equilibrium ratio is stated as the ratio of the mole
fraction of component in vapor (gas) phase to mole fraction of the component in liquid phase
(Firincioglu, 2013). The following relationships are the basis of the flash calculations, which are

based on the K-values defined by:
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X (3.10)

where

Kyn: equilibrium ratio, commonly called as K-value for component m

ym: vapor mole fraction of component m

Xm: liquid mole fraction of component m

Before determining the vapor and liquid fractions, K values for each component should be

estimated. For that, Wilson’s (1968) Equation can be used:

1 &
T G.11)

rm -

m

#
K :Piexp}_S.3737(1+! m)%l"

where Py, Trm, ®m are the reduced pressure, reduced temperature and accentric factor of
component m respectively.
Using this K value estimated by Wilson’s Equation, following Rachford-Rice (Kazemi, 2013)

equation can give the number of phase and what phase the mixture is in:

et (K, 1)z, ¥
f(V)‘Spl K,!' 1V +1g (3.12)

where V represent vapor mole fraction which takes the value of 0.5 to start flash algorithm
calculations, Z, is the overall compositions of each component and nc is the number of
components.

According to the Equation 3.12:

f(V :0)<0 I Mixtureisall Liquid
f(V :1)>0 I Mixtureis all Vapor

f (V = O) >0& f (V :1) <0! Mixtureis two phas (Liquid +Vapor)
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As stated above, in this work the mixtures of systems will be always in liquid phase.

Then, the compositions for each component can be calculated by;

X = 2o (3.13)

and

m&m (3.14)

Note that for single phase compositions to calculate convergence criteria for main loop,
two phase are calculated because those extra compositions are needed.

The compressibility factors (z° and z") are calculated by finding the roots of the equation
of state (EOS) and then the fugacity coefficients (@) and the fugacity (f) values are calculated.
This procedure is iterative and repeated until the fugacity values of the liquid and gas phases of
each component are equal or, more precisely, when the difference is less than the specified
tolerance of convergence.

When equilibrium is reached, the fugacity for the liquid and vapor phases should be the same;

that is,

(fr=1ty) (3.15)

Cubic equations of state are commonly used in the petroleum industry to solve the PVT
relationship of non-ideal fluid mixtures. The EOS is solved for the z factor and used in the flash
calculations. In this research, the cubic EOS of Peng-Robinson (1976) is used. The general form

of the Peng-Robinson EOS is given by;

Z1(1 B)Z (A 3B 28 z('AB B=§ ¢ (3.16)

where
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A aP _1jr " P
T2 ﬁ}m :ln:lamanXn%Z—Tz (3.17)

R=10.7315%tps /Ib! moleR

T: Rankin

P:ps

In Eq. 3.17, X_is the mole fraction in the appropriate phase and

_bP_"e %P

B_ﬁ_#mbmxm'&ﬁ (3.18)
Also,

B =(1"/ ) Ay (3.19)
where / _ is the binary interaction coefficient for m and n components

| R "?
Wy Ko(18 TH0X (3.20)
o1 Rln
P, (3.21)

and

K_=0.37464+ 1.54226_+ 0.26992 (3.22)

I' = 0.457235528 (3.23)

' = 0.077796073 (3.24)

Cubic equations have 3 roots; after eliminating the negative and complex roots, the

highest root belongs to the vapor phase and the lowest root belongs to liquid phase.
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Then, the fugacity coefficients of component m in the liquid and vapor phases are calculated,

respectively, from;

4o $ .
- DR (e
In( = F(Z) ) n(# B 2\58% i :In&zL) (\/5) 1) B_'+< (3.25)
% B ¢
and

In( V= b—g(zv)@ n(2 B c ey & (3.26)

Similarly, the fugacity values of component m in the liquid and vapor phases are respectively

obtained from;

L:| L

f-=1 x P (3.27)
and

fV=1"y P

(3.28)
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CHAPTER 4
MODELING OF FILTRATION

In this chapter, the modeling approach will be summarized while examining the impacts

of filtration between two adjacent systems.

4.1 Modeling Approach

As discussed in the previous chapters, the pore and pore-throat sizes of unconventional
reservoirs can be quite small and cause some filtration or membrane effect for large oil
molecules.

According to Figure 4.1, (taken from Nelson, 2009), the pore-throat sizes of shales are in
the range of 1.and 1nmOn the other handone al molecules, such assphaltenesing
structures and even paraffins can have larger sizes than the pore channels. Therefore, it can be
expected that shale formations can act like a sempermeable membrane for large oil molecules.
Hence, this phenomenon may create composition difference between two adjacent systems.

The modeling of the filtration effect between two adjacent systems uses flash calculations
on the basis of the fundamental concepts of thermodynamics.

The Peng Robinson Equation of State (PR EOS) is used for the modeling of phase
behavior of oil and gas reservoir fluids.

In this work a procedure was developed to calculate the composition variation between
two pores that are connected by a nanometer pore throat, which acts like a membrane. For

simplification, the procedure will first be explained for two-component fluids.
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Figure 4.1 — Sizes of molecules and pore throats in siliciclastic rocks on a logarithmic scale
covering seven orders of magnitude (Nelson, 2009).

Let us consider two pores connected by a nanopore-throat as shown in Fig. 4.2. Assume
that the hydrocarbon components filling up the pores are always in the liquid phase and in
thermodynamic equilibrium (no flow between the two pores at initial conditions). To study
filtration, also assume that one of the hydrocarbon components, denoted by subscript y, consists

of large (long-chain) molecules, which will be restricted from free transport between the two
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pores because of the size of the pore-throat. All other components, denoted by subscript x, are

small enough to pass through the pore-throat without hindrance.

System 1

System 2

Figure 4.2 — Two-pore system used to model filtration by the nanopore throat.

As shown in Fig. 4.2, we assign different molar fractions C, and C, to the light and heavy
hydrocarbon components, respectively, in the two pores to create a heavier hydrocarbon mixture
on one side (System 1) and a lighter mixture on the other side (System 2). First, performing flash
calculations by Peng Robinson Equation of State (PR EOS) at a pressure p; and a temperature 71,
and ensuring that the system components stay in liquid phase for all times, we compute the
fugacities of the components in System 1 at equilibrium. Then, we assume a filtration pressure,

p-=!p=p" p,, between the two systems, such that the pressure of System 2 is p, = p; — pr. At
thermodynamic equilibrium, the fugacity of light component, C, (unhindered), should be the

same in both systems; that is,

¢ T c¢lci1T e T cxxcxpz 4.1)
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However, the filtration (steric hindrance) of the heavy hydrocarbon component, C,, would create

imbalance in the fugacity of the heavy component:

L fb
ol £ w2

Knowing the fugacity of component x, the molar compositions, C, and C,, in System 2 at
pressure p, can be obtained from flash calculations and the composition difference between the
two systems under a filtration pressure prcan be predicted. (Conversely, this procedure could be
applied by initializing the two systems at different compositions and then estimating the filtration
pressure required to maintain this composition difference.) The flow diagram in Fig. 4.3 shows
the algorithm to compute the fugacities of the components in both systems. The flash algorithm

used in this research was written in Matlab programming language.

4.2 Filtration (membrane) efficiency (o))

The osmotic or filtration efficiency for shale was defined in the literature review part of
this thesis. If we apply the membrae#iciency concept to our filtration problem, the fugacity
ratio of the hydrocarbon or solute components, which areatest from flowing freely because
of the pore-throat sizes, it will be related to efficiency of this filtration process.

After the fugacities of the components in Systems 1 and 2 are determined, the membrane

efficiency of the nanoporous medium is determined from
LZ Ll
o, =1=(f/ f) (4.3)

The overall procedure used to compute the membrane efficiency is summarized in the flow chart

given in Fig. 4.4.
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* Perform flash calculation at p, and T for given molar compositions in System 1

+ Compute fugacities of components in System]

* Assume p,, between the two systems and compute p, = p, - p,. for System 2

« Estimate the composition of System 2 to initialize flash algorithm

* Perform flash calculation at p, and T

NO

* Check the fugacity of the component, which can transport freely

* Find the final compositions of System 2

* Compute the fugacity of the component, which is filtered

* Calculate the membrane efficiency, @

<CE<€<<€<€<s€s«ss«s«sx

Figure 4.4 — The procedure to compute the membrane efficiency of a nanoporous medium.
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CHAPTER 5
DISCUSSION OF RESULTS

In the examples discussed in this section, C;, nCq, Cg, Ci9, Ci2, C16 and Ca6+ have been
used as the components of the fluids in Systems 1 and 2 in Fig. 4.2. In each case, the components
were classified as hindered (filtered) and unhindered (unfiltered) and grouped accordingly.
Calculations were performed for three different groupings of the components:

Case 1. Two-component, sequential grouping: One unhindered (small) component and
multiple hindered (large) components, each of which is grouped with the small
component sequentially,

Case 2.Multi-component grouping: Multiple unhindered (small) components grouped as one
and paired with one hindered (large) component,

Case 3.Pseudo component grouping: Two pseudo component groups of unhindered, small
and medium components and one pseudo component group of hindered large
components.

According to the results, which came from these three different situations, comparisons
and discussions were made at the end of this chapter.

The Peng-Robinson characterization values shown in Table 5.1, 5.2 and 5.3 are taken

from Compositional Modeling class notes (Kazemi, 2013).

5.1 Case 1-Two Component, Sequential Grouping

In this case, Systems 1 and 2 include only two component fluids. While C; is the
unhindered (small) component, one of nCs, Csg, Cy2, Ci6 and Cyey, at a time, is selected as the
hindered (large) component and the computations are performed sequentially. Physical

properties of these components, which were used in flash algorithm, are given in Table 5.1.
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The pressure and temperature of System 1 is 10,000 psi and 660 °R (200° F),
respectively, in this example. 500-, 2,000-, 4,000- and 5,000-psi filtration pressures are
considered and the molar compositions of components at equilibrium conditions were calculated
for System 2. (It is assumed that higher filtration pressures are associated with smaller pore-
throat sizes.) Two cases are examined where the composition ratios are different. In Case 1.1, the
mole percentages of the hindered and unhindered components are 70% and 30%, respectively. In
Case 1.2, there is 90% hindered and 10% unhindered component.

Table 5.1- Peng-Robinson characterization for the components in Case 1 (Kazemi, 2013)

A. Critical Constants:

CPT Pc (psi) Tc (R) Acentric Factor (o) MW (g/mole) Zc

C, 667.0029 343.00026 0.1100 16.043 0.287600000
nCy 550.6018 765.20070 0.2000 58.124 0.272800000
Cg 421.4019 1043.40078 0.3105 108.89 0.264117010
Cio 360.3018 1138.00086 0.3913 134.96 0.259671059
Cpn 314.0006 1214.90100 0.4700 160.55 0.254505703
Cis 249.9011 1335.50100 0.6197 210.51 0.249740073
Cosr 140.8009 1631.40138 1.1619 412.23 0.227877773

B. Binary Interaction Parameters between C; and other components

C, nCy Cs Ci Cis Coer
Cy 0 0.014749 0.033997 0.054287 0.071547 0.113281

C. Composition (Mole Fraction) of System 1 for Cases 1.1 and 1.2

(of) nCy Cs Ci Cis Cae+
Case 1.1 0.3 0.7 0.7 0.7 0.7 0.7
Case 1.2 0.1 0.9 0.9 0.9 0.9 0.9

5.1.1 - Case 1.1
In this case, C; was chosen as a small component or solvent, nCy4, Cg, Ci2, Ci6 and Caer
were chosen one by one as a big component or solute sequentially. Consequently, molar

compositions of components at equilibrium conditions were calculated for the second system.

29



Figures 5.1 and 5.2 show the results for the systems with C;-nC4 and C;-Cae+
respectively. The figures depict the compositions of the fluids for different filtration levels. For
all filtration pressures, System 2 has more C; and less nC4 or Cy6 compared with System 1.
Moreover, the higher the filtration pressure is applied (that is, the smaller the pore-throat size),
the more concentration difference develops between Systems 1 and 2. Higher filtration pressure
results in lower composition for the larger component, implying that larger component is

hindered more when the pore throat size is smaller.

Figure 5.1 — Case 1.1: Filtration of C;-nC, with molar compositions of 0.3 and 0.7 for different
filtration pressures (Ap).
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Figure 5.2 — Case 1.1: Filtration of C;-Cys+ with molar compositions of 0.3 and 0.7 for different
filtration pressures (Ap).

The same procedure has been also applied for the other pairs of unhindered and hindered
components (C;-Cs, C;-Cj, and C;-Cje). Figure 5.3 shows the resulting compositions of System
2 when different filtration pressures (pror Ap) are applied between the two systems. If the results
for C;-nCy4 and C;-Cyg: are compared, different filtration pressures will be required to attain the
same concentration difference between C;-nC4 and C;-Cy6:. For example, the same molar
concentrations of 0.5 and 0.5 in the second system (a concentration change of 0.2 with respect to
the molar compositions of 0.3 and 0.7 in the first system) are attained at 3,400-psi (10,000-6,600)
and 4,300-psi (10,000-5,700) filtration pressures, respectively, for C;-nC,4 and C;-Cae+. This is in
line with the physical intuition that larger components should cause higher filtration pressures.
Since filtration pressure is build up because of the component, which could not pass freely via
membrane or pore throat and the solute component type gets become bigger, it can be expected

that the system of C;-Cys+Will create more osmotipressure.
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Figure 5.3 — Case 1.1: Compositions of System 2 for C;-nCs, C;-Cs, C;-C2, C1-Cj6 and Ci-Coer
for different filtration pressures (Ap).

If the resultare compared between the system of C;-C4 and G-Cas: from the figure
above in reverse logic, for example if the samefiltration pressuresare observed between the
componentswhichwould be 3000 psia, the composition difference between system 1 and 2 is
0.12 forC;-Cy+, 0.16 forC;-nC,.This seems plausibjesince this filtratiorpressuras not
enaugh to prevent solute component passage which it causes less composition difference
between two systenier C;-Coe-.

After the concentration differences were obtained at different filtration pressures, the
fugacity of the filtered (hindered) component may be computed and the membrane efficiency, wy,
can be calculated from Eq. 4.3. Figure 5.4 shows the membrane efficiencies, wy, for nCy, Cg, Cia,
Ci6 and Caye+ for different filtration pressures, Ap. As expected, when the filtered component

becomes larger, the membrane efficiency increases.
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Figure 5.4 — Case 1.1: Membrane efficiencies (wy) for C;-nCy, C;-Cg, Ci-Ci2, C1-Ci6 and C;-Cas+
for different filtration pressures (Ap).

Since theefficiencyof shale as a membraiserelated about howuchthis membrane
does notllow passingoig componenbr solute it seems reasonable to expect that when the
componentypegets bigger, efficiency increases because the size difference between shale pore
throat and solute componenthgh.

The shale membrane efficien@yr) take a value of between 0 andridavhen this value
takes a value close to 1, it means that efficiency is high and it prevents to pass more solute
components as stated in literature review part. According to the figure above, when the solute

components gets bigger within the systems, aresee that this systems become more efficient.

5.1.2 - Case 1.2
The objective of this case is to investigate the effect of the molar compositions on

membrane efficiency. In this case, the same procedure as in Case 1.1 was applied with the
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exception that the molar composition of System 1 was 0.1 for C; and 0.9 for nCy, Cg, Cj2, Ci6 or
Cae+. Figure 5.5 shows the results for the C;-Cye+ case for different pr = Ap. Molar compositions
of the hindered (nCs, Cg, Ci2, Ci6, Ca6+) and unhindered (C;) components are given as a function
of the filtration pressure pr = Ap in Figures 5.6 and 5.7 respectively. The membrane efficiencies

of the medium to nCy, Cs, Cj2, Ci6, and Cye for Case 2 are shown in Fig. 5.8

Figure 5.5 — Case 1.2: Filtration of C;-Cys+ with molar compositions of 0.1 and 0.9,
respectively, for different filtration pressures (Ap).
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Figure 5.6 — Case 1.2: Molar Compositions for components nCs, Cs, Ci2, Ci6 and Cye: in System
2 for different filtration pressures (Ap).
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Figure 5.7 — Case 1.2: Molar Compositions for components of C; in System 2 for different
filtration pressures (Ap).
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Figure 5.8 — Case 1.2: Membrane efficiencies (wy) for C;-nCy, Ci-Cs, C1-Ci2, C1-Ci6 and Ci-Coe+
for different filtration pressures (Ap).

The membrane efficiencies calculated for Cases 1.1 and 1.2 are compared in Fig. 5.9. The
dashed lines in the figure correspond to the molar compositions of C; = 0.3 and C, = 0.7, where
C, i1s nCy, Cs, Ci2, Cig, Or Coe+. The unbroken lines are the membrane efficiencies for the molar
compositions of C; = 0.1 and Cy = 0.9. For all comparisons, the membrane efficiency decreases
when the filtered component (Cy) concentration increases. The membrane efficiencies for the
cases with Cy = 0.9 are less than those for the cases with C, = 0.7. The difference between the
membrane efficiencies of the two cases, however, decreases when C, consists of larger
molecules. This result indicates that the filtration effect increases much faster with the increasing

molecular size than increasing concentration. In other words, the filtration effect increases as the
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molecular size increases and reaches a limit where most molecules are hindered by the pore size.

At this limit, filtration effect becomes less sensitive to concentrations.
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Figure 5.9 — Comparison of the membrane efficiencies for Cases 1.1 and 1.2.

5.2 Case 2- Multicomponent Grouping

In this part of this thesis, multicomponent systems are conducted. Two groups of
multicomponents are considered in this case. Case 2.1 consists of C;, nCs, Cjo, C26+ and Case 2.2
consists of Cy, nCq, Ci2, Cas+. For both cases, Cyg: is the only hindered component and the
pressure and temperature of System 1 are 10,000 psi and 660° R (200° F), respectively. Table 5.2

shows the physical properties of the components used in flash calculations.
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Table 5.2— Peng-Robinson characterization for the components in Case 2 (Kazemi, 2013)

A. Case 2.1-Binary Interaction Parameters:

CPT C1 nCsq C10 C26+

C1 0 0.014749 0.044372 0.113281
nCs 0.014749 0 0.008452228 0.05097817
C1o 0.044372 0.008452228 0 0.01881119
C26+ 0.113281 0.05097817 0.01881119 0

B. Case 2.2-Binary Interaction Parameters:

CPT C1 nCaq C12 C26+

C1 0 0.014749 0.054287 0.113281
nCs 0.014749 0 0.01330348 0.05097817
C12 0.054287 0.01330348 0 0.01297034
Cae6+ 0.113281 0.05097817 0.01297034 0

C. Composition (Mole Fraction) of System 1 for Cases 2.1 and 2.2

C1 nCsq C10 C12 Cae6+
Case 2.1 0.1 0.1 0.1 - 0.7
Case 2.2 0.1 0.1 - 0.1 0.7

Figures 5.10 and 5.11 show the filtration results for Cases 2.1 and 2.2, respectively.
System 1 compositions are shown in the central bubble and the results corresponding to 500-,
1,000-, 2,000-, and 3,000-psi filtration pressures (System 2) are shown in the surrounding
bubbles. Comparing the filtration results between the two-component system Case 1.1, including
Ci, Ca6+ with compositions 0.3 and 0.7, respectively in Figure 5.2, and the multicomponent
system Case 2.2, including C,, nCs, C,2, Ca6+ with molar compositions 0.1, 0.1, 0.1 and 0.7,
respectively in Figure 5.11, it is observed that the mole fractions of the hindered (Cae+)
component in System 2 are less for Case 2.2. This is explained by the availability of additional
unhindered components (nC, and C) in Case 2.2 to reach thermodynamic equilibrium in
System 2. Moreover, if the same comparison is done between case 2.1 in Figure 5.10 and 2.2 in
Figure 5.11, again it is observed that the mole fractions of the hindered (Cys+) component in
System 2 are less for Case 2.2 since C, helps more to crate thermodynamic equilibrium in

system 2 when it is compared to Co.
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Figure 5.10 — Case 2.1: Filtration of C;, nC4, Cy9, and Cye+ with molar compositions 0.1, 0.1, 01,
and 0.7, respectively, for different filtration pressures (Ap).

Figure 5.11 — Case 2.2: Filtration of C;, nC4, Ci2, and Cye+ with molar compositions 0.1, 0.1, 01,
and 0.7, respectively, for different filtration pressures (Ap).
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The membrane efficiencies of the multicomponent systems in Cases 2.1 and 2.2 are
plotted as a function of the filtration pressure and compared with the membrane efficiency of the
two-component system in Case 1.1 in Figs. 5.12 and 5.13, respectively. There is practically no
difference between the membrane efficiencies of the two-component (Case 1) and
multicomponent (Case 2) cases compared in Figs. 5.12 and 5.13. This result can be explained by
the fact that the hindered component (Cye+) properties are the same for the compared cases; in
other words, the membrane efficiency is mostly governed by the properties of the hindered
component. A practical extension of the results obtained in this example is the pseudo

component grouping discussed in the third example below.
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Figure 5.12 — Comparison of the membrane efficiencies of Cases 1.1 and 2.1.
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Figure 5.13 — Comparison of the membrane efficiencies of Cases 1.1 and 2.2.

5.3 Case 3-Pseudo Component Grouping

To describe the phase behavior of mixtures of multicomponent fluid mixtures in the
reservoir, composition simulators are expensive to use due to large amount of required phase
equilibrium calculations. Moreover, since keeping track of phase compositions and fluid
properties needs large storage space, their usage might be time consuming process. For these
reasons the number of components used in describing a fluid should be kept a minimum.

When the pseudo components are created, the lumping of components is very important
since crude-oil fractions should be fairly accurately represented by a single fraction. Most
properties of a hydrocarbon component are linked to the average molecular weight of that
component that means they are related to the average carbon number. Therefore it can be used as
a lumping criterion. In addition to lumping, mixing rules are used for designating the gross

properties of a lumped component from its component properties. The choice of a correct mixing
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rule is as crucial as that of a lumping procedure, to get best approximation to the true phase
behavior of mixture (Hong, 1982).

In light of the observations noted above, in this case, we demonstrate the use of pseudo
component groups of hindered and unhindered components to study the filtration and membrane
efficiency of a medium to a multicomponent fluid. We consider C; and lumped C,-Cg as the
unhindered and C7+ as the hindered components [in this work, we have used the approach
described by Karacaer (2013) to create the pseudo components]. The molar compositions of Cj,
C,-Cq, and C74 in System 1 are 0.3, 0.3, and 0.4, respectively and the pressure and temperature of
System 1 are 10,000 psi and 710 °R (250 °F), respectively. The Peng-Robinson characterization
of the components used in this example is given in Table 5.3.

Table 5.3 — Peng-Robinson characterization for the lumped components in Case 3 (Kazemi,

2013)

A. Critical Constants:

CPT Pc (psi) Tc (°R) Acentric Factor (o) MW (g/mole) Zc

o 667.0029 343.00026 0.013 16.043 0.298163019

C,-C¢ Lump 607.3380566 604.7242982 0.197477829 57.96098634 0.380972908

Co, 164.3481526 1234.844955 0.938323516 288 0.22847603
B. Interaction Parameters:

C Cy-Cs Cor

o 0.0 0.00347656 0.068315175

C,-C¢ Lump 0.00347656 0.0 0.007460304

C 0.068315175 0.007460304 0.0
C. Composition (Mole Fraction)

C1 Cz-C6 Lump C7+

0.3 0.3 0.4

The filtration results for Case 3 are given in Fig. 5.14 and the membrane efficiency for

C7; 1s shown in Fig. 5.15. The physical interpretations of the results shown in Figs. 5.14 and 5.15

42



are the same as those in Cases 1 and 2 above. This case is only presented to demonstrate the

pseudo component grouping.

Figure 5.14 — Case 3: Filtration of C;, C,-Cs, and C7+ with molar compositions 0.3, 0.3, and 0.4,
respectively, for different filtration pressures (Ap).
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Figure 5.15 — Case 3: Membrane efficiency of the medium for C7.
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5.4 Comments on the Effect of Filtration on Black Oil Simulation Data

As noted earlier, the membrane properties of nanoporous media should be incorporated
into flow modeling through the coupled flow formulations discussed above and by their effect on
fluid phase behavior. In this section, we briefly demonstrate the effect of filtration on black-oil
simulation data. The data used for the pseudo component example (Case 3) above will be utilized
for this purpose.

Figure 5.16 shows the bubble point pressures corresponding to the pressures of the
second systems (p2 = p1 — pr) resulting from the filtration effect. As discussed in this study,
different filtration pressures cause different fluid compositions. When the filtration pressure
increases, there are more lighter (unhindered) and fewer heavier (hindered) components in
System 2. Therefore, when the filtration pressure increases between Systems 1 and 2 (that is, the
pressure of System 2 decreases), the bubble-point pressure of System 2 increases. This indicates
a counter effect to bubble-point suppression due to nanopore confinement noted in the previous
publications (Sapmanee 2011, Firincioglu et al., 2012 and 2013, Honarpour et al. 2012). The
composition variation in pores due to filtration through nanometer pore throats should be

considered in confined thermodynamics calculations.
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Figure 5.16 — Bubble point pressures corresponding to different system 2 pressures caused by
filtration effect.
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We have also run the five cases with different molar compositions shown in Table 5.4 to
highlight the changes in oil formation volume factor as a function of pressure (Figs. 5.17, 5.18,
5.19, 5.20 and 5.21). The comparison results shown in Fig. 5.22 indicate the significant shift in
the formation volume factor and bubble-point pressure as the filtration effect increases (that is, as
less hindered component, C7., exists in System 2). Moreover, comparison of oil viscosities as a
function of pressure for five different molar compositions is shown in Fig. 5.23. This figure
depicts that when the filtration pressure increases, oil viscosity at second system decreases
because of decrease in fraction of heavy components.

Table 5.4 — Molar compositions and fluid properties used to investigate the filtration effect on oil
formation volume factor

Run C Molar (éorrg)osmonz Specific Gravity Density (Ibm/cuft) | API Gravity (deg) MW (g/mol)
1 2-Ce 7+
1 0.30000 | 0.30000 | 0.40000 0.8563 53.459 33.742 150.074
2 0.32002 | 0.32616 | 0.35382 0.8563 53.457 33.745 150.071
3 0.34307 | 0.35530 | 0.30163 0.8563 53.456 33.749 150.068
4 0.40657 | 0.42480 | 0.16863 0.8563 53.455 33.752 150.065
5 0.46411 | 0.46316 | 0.07273 0.8563 53.457 33.748 150.069
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Figure 5.17 — Formation volume factor as a function of pressure for Run 1.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

Nanoporethroats in tight unconventional reservoirs are capable of filtering large
hydrocabon molecules and thus the napnoous media may act as imperfect membrane. The
fugacities of the filtered (hindered) hydrocarbon components before and after applying a
filtration pressure can be used to determine the membrane efficiency of the medium to these
hydrocarbon components. It has been shown in this work that the membrane efficiency is mostly
governed by the molecular size of the filtered component and relatively insensitive to its
molecular concentration. Because the differences between the membrane efficiencies of the two-
component and multicomponent cases are practically insignificant, pseudo component grouping
of the hydrocarbon components is justified.

Another important conclusion of this work was the effect of filtration on the phase
behavior of fluids in nanoporous media. The initial fluid compositions in the pores are a function
of the magnitude of the filtration; that is, the size of the pore throat. This may imply that using a
single composition to characterize the fluids in nanoporous reservoir may not be adequate.

It has been shown that at high filtration pressures (high membrane efficiency), the fluid
composition changes drastically and the fluid has lighter components at equilibrium, this
conclusion can be seen in the comparisons of oil viscosities. Due to the fluid composition with
more of the lighter components, the bubble-point pressure increases in this pore and this causes
shift in the formation volume factor curve also.

It is also important to note that the increase in the bubble-point pressure due to the
membrane property of the nanopore throats may impact the bubble-point suppression in

nanopore confinement reported in the literature. The compositional variation in pores due to
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filtration through nanometer pore throats should be considered in confined thermodynamics
calculations to resolve the impact. This study shows that the way the pores are connected in the
reservoir may be as important as the pore sizes themselves while defining the thermodynamic
equilibrium.

Since filtration effect causes difference in composition of fluid and pressure in these
unconventional reservoirs, this effect should be taken into account in the initialization of these
reservoirs simulation.

A compositional difference through the reservoirs, which is caused by filtration
properties of tightunconventional reservoirs, is important in calculation of initial hydrocarbons
in place design of surface producti@guipmets and initialization of reservoir simulators.
Therefore, it can significantly affect the field development strategies from economic sight.

Finally, as a future work, how the filtration properties of these nanopore throats can affect
the hydrocarbon production from unconventional, tight oil reservoirs should be investigated in

the framework of coupled flows concept.
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Pi

PF

NOMENCLATURE

Angstrom, unit of length

Equation parameter for cubic EOS

Attraction parameter for cubic EOS
Equation parameter for cubic EOS

Repulsion parameter for cubic EOS
Formation volume factor of oil, rb/stb

Molar composition, fraction

Component

Effective self-diffusion coefficient of hindered component
Fugacity, psi

Gibbs free energy, joule

Electrical current

Molar diffusive flux of hindered component i

Molar diffusive flux of solute

Flux of species i per unit area of flow channels
Permeability, md

K-value

Phenomenological coefficients relating ith flow to jth force
Molecular weight, g/mole

Liquid pressure, psi

System pressure, i = 1 or 2, psi

Filtration pressure, psi
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Pe Critical pressure, psi

Dr Reduced pressure, psi

Ap Pressure difference between Systems 1 and 2 (= pr)
R Universal gas constant

R, Convergence criteria for flash loop

S Entropy, joule/ °R

T System temperature, R

T. Critical temperature, °R

T, Reduced temperature, °R

V Mol fraction of vapor

q Liquid flux, bbl/d/ft’

X Liquid mole fraction of component

7! Conjugated driving force for flux of species i
y Gas/vapor mole fraction

Z Overall composition of the fluid

z Z factor

Ze Critical Z factor

Greek characters

) Acentric factor

oy Membrane efficiency

D Dissipation function

v Electrical potential

Wim Chemical potential of component i / m
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Dynamic viscosity

Total soil porosity

Dimensionless apparent tortuosity

Fugacity coefficient of component m liquid and vapor phase
Osmotic pressure, psi
Binary interaction parameter

Equation parameter for cubic EOS
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