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Abstract
Interest in understanding the underlying physical mysteries that result in production
through liquid rich shale reservoirs, is growing globally. A swiftly expanding branch of
science termed as ‘nano-fluidics’ deals with studying fluid flow in nano-spaces and often
accompanies computationally expensive molecular simulations. Compositional modeling
of hydraulically stimulated naturally fractured liquid-rich shale (LRS) reservoirs is a
complex process that is yet to be fully understood. This work aims to explore and integrate
some of the key fundamentals of confined fluid flow in nano-pores with a fully
compositional reservoir simulator.
Two phenomena, capillary pressure and critical property shifts, that become significant due
to multiphase flow in nano-pores have been singled-out from various potential forces that
arise at such small scales. LRS modelling capability of Automated Differentiation based
General Purpose Research Simulator (AD-GPRS) was extended by making capillary
pressure a function of pore radius. This was done by modifying vapor liquid equilibrium
calculations to incorporate phase pressure differences that arise in tight pores. Using this
formulation, fluid phase behavior properties were studied first using simple binary
mixtures and later extended to a Bakken fluid sample. Our findings indicated that
capillarity is a function of several phenomena which include pore size, fluid composition
and reservoir pressure. Additionally capillary pressure was found to lead to bubble point
suppression, reduction in oil density and viscosity, and increase in gas density and
viscosity. Bakken fluid phase properties were found to deviate from bulk behavior up till
pore radii of approximately 100 nm.
The study was then extended to a realistic hydraulically fractured shale reservoir model
with a horizontal producer, and cases were run using Bakken fluid model. Reinforcing the
findings of fluid phase behavior observed for simpler systems, oil production showed an
increase, while gas production decreased as the pores got tighter. As expected, this change
in production was found to be zero when the reservoir pressure is above the fluid bubble
point pressure. However, a significant difference in hydrocarbon production and recovery
due to capillarity was seen when the reservoir pressure fell below the bubble point pressure.
Additionally, the importance of properly characterizing fractures was found to be important
as their presence reduces the influence of capillarity. Further on, since shale reservoirs can
contain pores of sizes ranging from <50 nm (nano and meso-pores) to >100 nm (micropores), two realistic pore size distributions (PSD) that are typically found in shale
reservoirs were explored. The differences in production showed that capillary pressure is
uniquely tied to the specific PSD of the reservoir. Moving further from the impact of pore
size, the impact of varying fluid composition on the impact of capillary pressure was tested
next. Since, many shale reservoirs such as Eagle Ford, contain a wide spectrum of
hydrocarbon fluids ranging from low GOR black oil to volatile, rich and lean gas
condensates, wet gas and even dry gas, and since these fluid compositions have been shown
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to vary spatially within the play, the findings of this work are important. Bakken fluid
composition was varied by increasing the compositions of light, mid-heavy and heavy
components turn by turn. It was found that the impact of capillarity varies with the initial
shape of the fluid mixture phase envelope. The lower the initial critical pressure, the greater
will be the impact of capillarity. In Bakken’s case, the magnitude of capillarity increased
from relatively lighter compositions to mid-heavy compositions and then decreased again
as the amount of heavier components was increased.
Finally, the impact of confinement on critical properties was studied. Using the correlations
developed using molecular simulations that have been published previously, shift in critical
properties of Bakken fluid sample were computed. Both critical temperature and pressure
reduced as the pore size was decreased. It was shown that this reduction is greater for
heavier components. We next ran simulations using the shifted critical properties. Both oil
and gas production showed an increase.
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Chapter 1
1. Introduction
1.1. Introduction to this Thesis
Even though there is an abundance of shale resource globally, the underlying physics
behind multiphase fluid flow in tight pore reservoirs has yet to be fully understood. This
thesis aims to explore some of the key forces that become important at nano-scale of shale
pores and the impact they have on hydrocarbon production in liquid rich shale reservoirs.
Following introduction to this thesis, Chapter 1 gives an account on the distribution of shale
resources globally. It highlights the top shale oil and gas producers, the momentum of shale
exploration world-wide and the speculated contribution of tight oil in the future energy
scenario. This is followed by description on the types of fluids in shale reservoirs and
genesis of liquid in shale pores. Finally, the chapter ends with a brief discussion on the
variety of pore structures typically found in shale reservoirs and highlights the importance
of pore size distribution towards characterizing fluid flow in shale reservoirs.
Chapter 2 offers literature review on the past work that has been done to investigate the
impact of confinement on fluid flow. This chapter begins by offering details on the basic
science of confinement and discusses three potential phenomenon that become significant
due to confinement in liquid rich tight pore reservoirs, namely, capillary pressure, diffusion
and shift in critical properties. An account has been presented on the Equation of State
(EOS) method which can be modified to capture the impact of confinement, when
modelling large scale reservoirs. The chapter ends with discussion on the importance of
modelling desorption phenomenon in liquid rich shale (LRS) reservoirs.
Chapter 3 offers a detailed description of pertinent concepts of thermodynamics and how
some of these principles can be modified to incorporate capillary pressure in current
simulators, so as to extend their capabilities towards modeling LRS reservoirs better.
Chapter 4 presents the results related to fluid phase behavior that have been obtained after
incorporating capillary pressure in vapor-liquid equilibrium computations, as described in
Chapter 3. Chapter 5 illustrates the tests done on the implemented capillary pressure
formulation, so as to extend this implementation to realistic reservoir scenarios.
After successful trials in Chapter 5, Chapter 6 extends this formulation to a multi-staged
hydraulically fractured reservoir scenario with a producing horizontal well. Several
scenarios were set up to test the impact of capillary pressure on hydrocarbon production.
These include cases with varying pore radii, reservoir pressure, and fluid compositions and
pore size distribution. Finally, results related to the impact of critical property shifts due to
confinement on hydrocarbon recovery have been presented.
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Chapter 7 discusses some of the areas that need more investigation to further improve the
modelling of capillary pressure in tight pore reservoirs. These include proper
characterization of fractures and development of a reasonable porosity, permeability and
pore size correlation.
Chapter 8 finishes this thesis by presenting the gist of this research work and offering
directions to future researches on this subject matter.
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1.2. Shale Oil and Gas ‘Demographics’
Shale resources have been changing the world’s energy equation. According to Energy
Information Administration (EIA, 2013), estimated shale oil and shale gas resources in the
United States and in 137 shale formations in 41 other countries represent 10% of the world's
crude oil and 32% of the world's natural gas which is technically recoverable. This accounts
for 345 billion barrels of technically recoverable shale oil and 7299 trillion cubic feet of
recoverable shale gas in the world (EIA, 2013). Figure 1-1 shows the unconventional oil
deposits world-wide, which include oil shale, extra-heavy oil & bitumen and tight oil &
gas.

Figure 1- 1 Unconventional Oil Resources across the globe (Gordon, 2012)

Each of the fossil fuel energy resources comes with its own value. Figure 1-2 shows the
API and value in BTU of different oil and gas types. Figure 1-3 on the other hand, illustrates
the projected contribution of various hydrocarbon types. Unconventional oil includes
heavy and extra heavy oil, while conventional and tight oil have been lumped into
“Conventional and Transitional Oil.
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Figure 1- 2 Hydrocarbon Value Hierarchy (Gordon, 2012)

Figure 1- 3 Projected new oil scenario (Gordon, 2012)

Figure 1-4 shows some of the important light tight oil basins across the world and Figure
1-5 describes global shale resource exploration and extraction momentum in selected
countries. While shale resources exploration has been banned by many countries in Europe,
North America has progressed a lot in this direction. On the other hand Russia, China and
Australia have begun exploration of their shale resources.

26

Figure 1- 4 Selected light tight oil plays world-wide (Schlumberger
(2015)

Figure 1-5 Approach of selected countries towards shale resource
exploitation (Pouchot, 2013)

Table 1-1 ranks countries by the amount of technically recoverable shale oil and gas they
bear. With 75 Billion Barrels of shale oil, Russian tops the list of Shale oil reserves while
China tops the list of shale gas reserves. It is interesting to see how small countries like
Pakistan too have emerged as lands rich in shale oil reserves.
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Table 1-1 Top 10 countries with technically recoverable shale gas and oil reserves
(adopted from EIA (2013))

Figures 1-6 and 1-7 show the ranking of continents in terms of shale oil and gas reserves
and in place resources, respectively. The charts have been constructed using information
extracted from EIA (2013). Europe tops the list of shale oil reserves and resource in-place,
followed by Asia and South-America. On the other hand, Africa and South America, top
the list of shale gas in-place and technically recoverable shale reserves, respectively.

Figure 1-6 Continent-wise breakdown of risked in-place and technically recoverable shale oil
(information source (EIA, 2013))
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Figure 1-7 Continent-wise breakdown of risked in-place and technically recoverable shale gas
(information source (EIA, 2013))

* SA is South America
** NA is North America (here excludes USA)

1.3. Types of fluids in Shale Reservoirs and Genesis of Liquid in Shale Pores
Shale resources can be broadly classified into 3 categories- Oil Shale, Shale Oil and Gas
Condensate (often termed as Liquid Rich Shale (LRS) fluids) and Shale Gas. Each of these
differ greatly in flow characteristics. According to Colorado Oil and Gas Association
(COGA, 2013), oil shale contains remains of “algae and plankton deposited millions of
years ago that have not been buried deep enough to become sufficiently hot in order to
break down into the hydrocarbons targeted in conventional oil projects”. Shale oil and gas
on the other hand, are formed when the rock is buried deep enough to convert part of its
kerogen into oil and gas. Horizontal drilling and fracturing is often required to produce
them commercially, because these hydrocarbons are locked in place very tightly (COGA,
2013). We shall concentrate on this second class of shale resource, that is, on Liquid Rich
Shale (LRS) reservoirs.
Several aspects determine whether Shales are capable of generating hydrocarbons and
whether they will generate oil or gas. During the process of hydrocarbon formulation, first
oxygen evolves as kerogen gives off CO2 and H 2O , and later hydrogen evolves as
hydrocarbons are formed (McCarthy, 2011). The general trend in the thermal
transformation of kerogen to hydrocarbon starts with the generation of non-hydrocarbon
gases and then progresses to oil, wet gas and dry gas (McCarthy, 2011). Figure 1-8
illustrates this progression for different types of kerogen. During thermal maturity of type
I kerogen, liquid hydrocarbons tend to be generated. Type II on the other hand, generates
gas and oil, while type III generates gas, coal (often coal bed methane) and oil in extreme
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conditions. It is generally considered that type IV kerogen is not capable of generating
hydrocarbons (Rotelli, 2012). Figure 1-9 highlights the conditions required to generate
liquid hydrocarbons. Physical and chemical alteration of sediments and pore fluids take
place at temperatures of 50 C – 150 C (Pederson, 2010). This process is called
“catagenesis”. At these temperatures, chemical bonds break down in kerogen and clays
within shale, generating liquid hydrocarbons (Pederson, 2010).

Figure 1-8 Kerogen type and Oil & Gas
formulation (McCarthy, 2011)

Figure 1-9 Depth & Temperature condition for
Oil and Gas Formulation (Pederson, 2010)

Liquid Rich Shale (LRS) fluids can be divided into two categories- Shale Oil and Shale
Gas Condensate. At the original reservoir conditions, a gas-condensate is a single-phase
fluid (Fan, 2005). According to the work of Ismail (2010), shale condensate systems consist
predominantly of “methane (C1) and other short-chain hydrocarbons. The fluid also
contains small amounts of long-chain hydrocarbons (heavy ends). The methane content in
gas-condensate systems ranges from 65 to 90 mol%, whereas in crude oil systems, methane
content ranges from 40 to 55 mol%”. Figure 1-10 shows a ternary diagram of these
classifications.
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Figure 1-10 Ternary visualization of hydrocarbon classification (taken from Ismail (2010).
Original source is Whitson (2000).

1.4. Shale Pore Structure and Heterogenity
The average size in currently producing liquid rich reservoirs is estimated to be less than
100 nm (Firincioglu, 2014). According to Rotelli (2012), in-order to properly characterize
shale, it is important to understand the following:





Volume of pore network
Characteristic dimension of pore network
Pore type predominantly present
Complexity of pore network

Based on the work of Kuila (2013), small pores in a shale matrix are associated with clay
and kerogen. Bustin (2008) reported a bi-modal pore size distribution with modes around
10 nm and 10,000 nm for Barnett and Antrim formations. Loucks (2012) showed that
scanning electron microscope (SEM) images of nanometer scale pores associated with
clays and kerogen in Barnett shale, revealed pores as small as 4nm. Sondergeld (2013)
stated that shale reservoirs exhibit hydrocarbon storage and flow characteristics that are
“uniquely tied to nano-scale pore throat and pore size distribution”. Figure 1-11 shows the
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different types of pores present in shale reservoirs. Each of them may alter fluid flow in a
different manner.

Figure 1-11 Pore types in the Barnett and Woodford gas shales (Slatt, 2011)

1.5. Summary
This chapter presented a high level overview of shale resources globally, the conditions
that are required to turn kerogen into liquid hydrocarbons, and types of fluids and pore
structures that can be found in shale rocks. In the next chapter, we shall delve deeper into
some of the intricacies affiliated with multiphase fluid flow in nano-pores of shale
reservoirs.
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Chapter 2
2. Potential Forces influencing Storage and Flow of
Fluid in Liquid Rich Shale Reservoirs
Various forces that are insignificant at bulk scale can be of considerable importance at
nano-scale and so can no longer be ignored. This Chapter discusses the science of
confinement and offers review on the work done by various authors to investigate the
impact of confinement on fluid flow. Three of potential phenomena that become significant
due to confinement in liquid rich tight pore reservoirs, have been focused on. These are
capillary pressure, diffusion and shifts in critical properties, alongside liquid
adsorption/desorption which can be an important storage mechanism in shale pores.
2.1 Confined fluid flow in Liquid Rich Shale Reservoirs
Fluid transportation and phase behavior under confinement exhibit significant deviations
from their corresponding bulk behavior (Sanaei, 2014) (Travalloni, 2010) (Devegowda,
2012) (Kuz, 2002). Experiments conducted by (Ismail, 2014) at Stanford University on gas
condensate systems showed that liquid rich shale gas composition varied along the
direction of flow during depletion. The change in gas composition was concluded to be a
result of condensate dropout and relative permeability effects. More importantly, the
variation in gas composition in Marcellus shale core was less than that in the Berea
sandstone core. This was an indication that the amount of condensate dropout varies
between shale and sandstone for the same fluid system and at similar flowing conditions.
Hence, the phase behavior is affected by the additional fluid-rock interaction expected for
shale due to flow through nanometer sized pores (Ismail, 2014). Nojabaei (2012) showed
that accounting for bubble point suppression due to confinement gave a better match
between the gas production data and simulator predictions for a well in Bakken field.
Sanaei (2014) studied an Eagle ford sample in condensate window and showed that
reduction of the pore size down to the order of nano-scale led to the shrinkage of two-phase
region, causing reduction in condensate drop-out and near wellbore permeability
impairment. After 10 years of production, condensate saturation around Stimulated
Reservoir Volume (SRV) was found to be 6-10% less under confinement effects.
Therefore it is important to understand the fundamentals of confined fluid flow in order to
decipher the mechanisms via which multiphase fluid transport takes place in liquid rich
shale reservoirs.

33

2.2 Basic Science behind Confinement
In a porous solid with interconnected pathways, a molecule may collide with another
molecule or with the pore walls. When the pore size is relatively larger, the number of
interactions the molecules have with the pore walls is negligible as compared to the number
of interactions molecules have with one another. This however does not hold true as the
pore size gets smaller (Chandra, 2014). In tight reservoirs, pore sizes become comparable
to the size of the fluid molecules trying to flow through them (Nelson, 2009). Figure 2-1
illustrates this effect schematically. The red particles indicate the molecules that get to
interact with the pore wall at a given time. Since a nano-pore can hold fewer molecules
when compared to macro-pores, the interaction amongst molecules (van der Waals
interactions) and between molecules and the pore wall increases. Fluid molecules in such
a condition are termed to be ‘confined’ or under ‘pore proximity’ effect because the free
path available to the molecules is restricted by the geometry of the void space of pore
(Chandra, 2014). Roughly speaking, confinement effect is felt when the pore size to
molecule size ratio is less than 20 (Devegowda, 2012). Pore throat diameter that is typical
in shale gas formations have been shown to vary between 0.5 -100 nm (Ambrose, 2010),
while the chain diameter of straight hydrocarbons is in the range of 0.4 - 0.6 nm (Mitariten,
2005).

Figure 2- 6 Pictorial illustration of pore proximity and confinement effect (not drawn to
scale)
Figure 2- 1 Schematic representation of confinement effect

The properties of molecules in the surface layer (the ones close to the pore wall as indicated
by molecules colored in red in Figure 2-1) would be affected by increased pore wall-fluid
interactions, which leads to alteration in dynamics of molecules in the surface layer sticking
to pore wall (Chandra, 2014). Overall, the situation of molecules in confined geometry is
both theoretically and experimentally very complicated and not fully understood.
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2.3 Impact of Confinement on Critical Properties
When phase envelope is crossed in gas condensate systems, there is a large gas oil volume
split in the nano, meso and macro pores (Alharthy, 2013). This is presumed to be
responsible for economical production of liquids in such systems. Simulations and
experimental data reveal that critical properties of many compounds change as pore size
decreases (Singh, 2009) (Devegowda, 2012). It was illustrated by Kuz (2002) that in order
to properly account for the behavior in confined fluids, the critical properties of
components should be altered as a function of the ratio of molecule to pore size. They
developed a correlation for the deviation of critical temperature and pressure from van der
Waals equation of state (EOS) by studying confined fluids in square cross section pores.
Though they neglected the interaction between the fluid molecules and the wall, they did
find good agreement between the predicted capillary condensation and critical temperature
and experimental data.
Hamada (2007) used grand canonical Monte Carlo numerical simulations to study
thermodynamic properties of confined Lennard-Jones (LJ) particles in slit and cylindrical
pore systems and indicated changes in fluid phase behavior as a function of pore radius.
Singh (2009) investigated the behavior of methane (C1), n-butane (C4) and n-octane (C8)
inside nanoscale slits with widths between 0.8 to 5 nm using grand canonical Monte Carlo
simulations and found out that while critical temperature decreased with reduction in pore
radius, the critical pressures of n-butane and n-octane first increased and subsequently
decreased. They also found that the critical property shift is dependent on pore surface
types and hence differed for mica and graphite. This work is of importance as shale rocks
are characterized by organic and inorganic pore systems, both of which vary in mineral
composition and thus will cause different intensities of pore wall and molecules’
interaction (Devegowda, 2012).
Teklu (2014) extended the work of Singh (2009) to Bakken fluid sample and founded that
shifts in critical properties led to the suppression of Bakken fluid phase envelope. Alharthy
(2013) also used the correlations developed by Singh (2009) to investigate the impact of
confinement on various variations of Eagle ford composition. They found that shift in
critical properties led to an increase in condensate production and this increase was a
function of both pore size, as well as fluid composition.
2.4 Diffusion effect due to Confinement
Confinement may give rise to Knudson diffusion. As discussed previously, in a porous
solid, a molecule may collide with another molecule or with the pore walls. At high
pressure, molecule-molecule collisions are dominant. At low pressure, collisions are
dominantly between molecules and the walls, and the free path is restricted by the geometry
of the void spaces (Rotelli, 2012). This regime is termed as Knudson Diffusion. It combines
both the geometry as well as the pressure information of the system. At low Knudson
diffusion number the continuum flow regime is valid, but in the regime where Knudson is
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approaching unity, possibly the continuum validity breaks down (Rotelli, 2012). The
Knudson number is defined by:
Kn 


L

(2- 1)

Here  is the mean free path travelled by the fluid particle as shown in Figure 2-2, L is
the pore diameter and K n is Knudson number. The range of its values in different flow
regimes is listed in Table 2-1.

Figure 2- 2 Schematic illustration of the mean free path taken by molecules in confinement
(Blasingame, 2013)

Table 2- 1 Flow regimes based on Knudson diffusion number (info source Kuila (2012))

Knudsen Number Range ( Kn )

Flow Regime

Kn  0.001
Kn
0.001

Viscous flow

0.1

Kn  10

Kn

0.1
10

Slip Flow
Transition flow
Knudsen’s (free molecular) flow

Rotelli (2012) showed that for gas condensates, diffusion can play an important role
especially in small pore sizes and at lower pressures. In multiphase compositions, such as
gas condensate reservoirs, the equilibrium gas composition at bubble point differs due to
bubble point suppression. This will be discussed later in this thesis. Having differing gas
compositions (at the bubble point) in different sized pores should impact the gas phase
growth and may cause flow due to diffusion. Additionally, heterogeneity of the pore size
distribution maybe one of the important reasons for concentration gradients causing
diffusive flow in unconventional liquid rich reservoir (Firincioglu, 2014). Rotelli, (2012)
showed that unlike gas condensates, oil is characterized by a more viscous flow, so it tends
to move according to Darcy’s equation. This is because in case of oil, molecules tend to
interact with each other before they are able to reach the pore wall.
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2.5 Capillary Pressure
Nano size pores can affect the phase behavior of in situ oil and gas owing to increased
capillary pressure (Alharthy, 2013) (Nojabaei, 2014) (Wang, 2013). Not accounting for
increased capillarity in small pores can lead to inaccurate estimates of ultimate recovery
and saturation pressures. It has been argued that in the presence of capillary forces, the
classical thermodynamic behavior is not sufficient to explain gas bubble formation in
porous medium (Alharthy, 2013). When capillary forces are considered, the classical
thermodynamics approach requires very high super saturation values that are typically not
observed in conventional hydrocarbon reservoirs (Firincioglu, 2014).
In tight pore reservoirs, due to the fact that a relatively significant number of molecules get
to interact with the pore walls, the pressure difference between the wetting phase (the phase
that sticks to the pore walls) and the non-wetting phase can no longer be ignored. This
gives rise to capillary pressure which is:

Pcap  Pnw  Pw
Here Pcap is the capillary pressure, Pw is the wetting phase pressure and Pnw is the nonwetting phase pressure.
Investigating the impact of capillary pressure is the prime focus of this work. Based on
previously published literature, the presence of capillarity leads to a reduction in oil density
and viscosity while an increase in gas density and viscosity (Nojabaei, 2012) (Firincioglu,
2014). Figure 2-3 shows the alteration of various fluid properties in the presence of
capillary pressure. As shown, oil density reduces when capillary pressure becomes
significant.

Figure 2-3 Alteration of fluid properties under the influence of capillarity (after
Honarpour (2013))
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Reduction in oil density and viscosity can be attributed to suppression of bubble point
pressure, a phenomenon that arises under the influence of capillarity (Honarpour, 2013)
(Nojabaei, 2012) (Alharthy, 2013) (Wang, 2013) (Teklu, 2014). Dew point on the other,
appears at relatively higher reservoir pressures. The suppression of bubble point pressure
causes gas to be in oil for a longer time as pressure is reduced. Figure 2-4a shows a
schematic representation of the unconfined scenario when gas starts evolving as soon as
the reservoir pressure drops below the fluid’s bubble point pressure. Figure 2-4b on the
other hand illustrates what happens when confinement makes capillary pressure
significant, which in turn causes suppression of the bubble point. Compared to unconfined
system, gas will stay dissolved in oil at lower pressures. This phenomenon is likely to cause
an increase in oil production and recovery.

Figure 2- 4 Conceptual pore network model showing different phase behavior paths without and
phase behavior shift (Alharthy, 2013), Left: 2-4 a, Right: 2-4 b

Nojabaei (2012) attempted to history match gas production data obtained from a well in
the Bakken field using both suppressed bubble point and the original bubble point of the
unconfined fluid. This is shown in Figure 2-5. It was observed that predictions matched the
field data well with suppressed bubble point pressure by producing less gas compared to
conventional unconfined systems. This indicates the strong need to further our
understanding regarding the potential forces that alter the bubble point pressure in tight
pores.
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Figure 2- 5 History match of gas rate for scenarios with or without PVT
adjustments (Nojabaei, 2012)

2.6 Equation of State for Fluids in Confinement

Since there are many uncertainties and challenges associated with laboratory based
experimentation to determine the impact of confinement on phase behavior in nano-pores,
attention has shifted to numerical studies (Ma, 2014). The popular numerical modeling
approaches can be divided into three categories1. Equation of state
2. Molecular simulation
3. Density function theory
Usually, cubic equation of state (EOS) are used to calculate phase behavior of the
hydrocarbon fluids. Such EOS include Peng-Robinson, Redlich-Kwong, Soave-RedlichKwong, and Zudkevitch-Joffe-Redlich-Kwong. The EOS parameters are generally
determined by the calibration of the model to laboratory measurements, such as Constant
Composition Expansion (CCE), Constant Volume Depletion (CVD), and Differential
Liberation (DL), and separator tests (Firincioglu, 2014). These tests are performed in PVT
cells without consideration of the porous media effects. Similarly, black-oil simulators use
tabulated values of fluid properties that are measured under reservoir conditions in PVT
cells (Firincioglu, 2014).
Several experiments using molecular simulation show alteration of fluid properties in
confinement, that are critical to phase behavior (Singh, 2009) (Jiang, 2006). Although these
methods improved our understanding of phase behavior of confined fluids, the
computational demands of these approaches make them impractical for practical use. Other
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proposed methods include the use of new or modified versions of existing equations of
state in order to accurately model experiments. The EOS method in general tends to require
less computational effort and consequently is more amenable for operational simulation
problems (Ma, 2013).
The ideal gas law is the most simplistic relation between pressure, temperature, volume
and amount of an ideal gas. Van der Waals equation may be considered as the ideal gas
law "improved" due to two independent reasons - molecules are thought as particles with
volume, not material points and while ideal gas molecules do not interact, van der waals
consider molecules attracting others within a distance of several molecules' radii. Thus an
extra term was added in the original ideal gas equation to account for the interaction
between molecules (van der Waals, 1873). Peng Robinson and Soave Redlich Kwong
equations were derived from Vander Waals (VDW) equation so as to account for fluid
molecule-molecule attraction by modifying the attractive pressure term in VDW EOS
(Vidal, 1997). When dealing with confinement, the interactions between the pore walls and
molecules too become significant (Zhang, 2013). Many authors have focused on this fact
to modify bulk EOS so as to make it more applicable to confinement conditions.
Zhu (1999) used the theory of thermodynamical interfaces to describe N2 adsorption in
different sizes of cylindrical mesopores and developed an EOS that describes important
features of adsorption process in meso-pores by accounting for attractive interactions
between the adsorbed molecules and adsorbent, the curvature of adsorbed phase interface,
and surface tension. They concluded that the smaller the pore radius is, the thicker the
adsorbed film will be. This generally leads to capillary condensation. Schoen (1998)
modified the VDW EOS by applying perturbation theory to confined fluid in slit-pores.
Their EOS could predict capillary condensation and depression of critical temperature
qualitatively. The predictions of the EOS were however found to be unsatisfactory in the
vicinity of critical region (Ma, 2013). Zarragoicoechea (2002; 2004) extended VDW EOS
to study confined fluids in square cross section pores. 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 find good agreement between the predicted capillary
condensation and critical temperature and experimental data. Derouane (2007) modified
VDW EOS by introducing a new term that takes into account the attractions between the
fluid molecules and the pore wall, and it based on pore size. Ma (2013) modified VDW
EOS, by including the fluid molecule- pore wall interactions, besides the existing fluid
molecule-molecule interactions. Their EOS can describe fluids phase behavior under
confinement of any pore size- that is from bulk state (very large pores) to nanopores which
result in confined state.
Travalloni (2010) presented an analytical equation of state that takes the effect of pore size
and the interaction between the fluid molecules and the pore wall into account. They
derived a generalized form of EOS for confined fluids by demarcating the confined pores
into three different regions where predominant forces are likely to be different. In Region
I, the fluid molecules are sufficiently far from the pore walls and consequently fluid
behavior depends solely on inter molecular forces, while in Region 3, fluid molecules are
influenced strongly by the pore walls. Figure 2-6 illustrates this demarcation.
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Figure 2-6 Regions inside a pore defined by molecule-wall interaction potential
(Travalloni, 2010)

2.7

Adsorption Phenomenon in Liquid Rich Shale Reservoirs

In dry gas shale reservoirs, it is widely acknowledged that gas adsorption is one of the most
important storage mechanisms, and that it accounts for close to 45% of initial gas storage
(Rajput, 2014). In case of liquid rich shales however, typically adsorption is not considered.
Using adsorption modelling formalism based on thermodynamically Ideal Adsorbed
Solution (IAS) theory, Rajput (2014) showed that 5-13% of the liquid fluid present in shale
can be adsorbed onto shale and negligence of this additional storage mechanism can lead
to considerable error in reserve estimation. The error values depend on the amount and
adsorption parameters of adsorbent present, as well as the composition of liquid rich shale.
Figure 2-7 shows the differences in critical and dew point line of the phase envelopes of
fluid mixtures, with and without consideration of liquid phase adsorption. There is however
insignificant change in bubble point line location which could be attributed to the fact that
heavier components are preferentially adsorbed.

Figure 2- 7 Comparison of phase envelopes of original and adsorption altered
reservoir fluid (Rajput, 2014)
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Haghshenas (2014) modelled heavy hydrocarbon component adsorption using Langmiur
isotherms. Figure 2-8 shows that for hydrocarbon components, adsorption increases
strongly with the molecular weight. This observation shows that in liquid rich shales,
adsorption on organic matter may be an important storage mechanism for the heavier
fractions. Haghshenas (2014) also showed that the contribution of liquid desorption to the
overall hydrocarbon recovery was dependent on fluid composition and pore
connectivity/configuration.

Figure 2- 8 Adsorption Isotherms for different Components
(Haghshenas, 2014)

2.8 Summary
In this chapter, some of the key fundamentals of fluid flow and hydrocarbon storage in
liquid rich reservoirs were discussed. These include capillary pressure, diffusion, shift in
critical properties and adsorption. Such forces become more significant at nano-scale
because of the increased interactions between fluid molecules and the pore walls and
amongst fluid molecules themselves. Capillary pressure causes supression in the bubble
point pressure. This phenomenun leads to gas being dissolved in oil even below the bulk
bubble point pressure, thus decreasing oil density & viscousity, and sustaining Gas Oil
Ratio (GOR) for a longer period. Diffusion appeared to be an important phenomenun in
gas condensate reservoirs. Confinement was also discussed to cause shift in the critical
properties and these shifts are likely to have a drastic impact on hydrocarbon production.
Finally, adsorption phenomena was discussed to be a strong function of fluid components’
molecular weight and pore configuration. Negligence of adsorption of heavier components,
which could be an important storage mechanism of liquids in shale reservoirs, can lead to
considerable error in reserve estimation
In the next Chapter, we shall discuss the modifications required in conventional
thermodynamics to incorporate capillary pressure.
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Chapter 3
Implementation of Capillarity for Tight Pore Reservoirs
in AD-GPRS
This chapter discusses the methodology used in this research work to modify conventional
thermodynamics in order to incorporate capillary pressure when modelling flow in liquid
rich shale reservoirs. The methodology described can be readily implemented in modern
reservoir simulator. The chapter begins by offering a detailed account on some of the key
thermodynamic concepts and later extends these same concepts towards incorporating
capillary pressure in vapor liquid equilibrium computations, so as to offer a better
representation of fluid flow in confinement.
3.1 Classical Thermodynamics
Thermodynamics is a branch of physics concerned with heat and temperature and their
relation to energy and work, in near-equilibrium systems. Classical thermodynamics
describes the bulk behavior of the body and not the microscopic behaviors of the very large
numbers of its microscopic constituents, such as molecules (Vidal, 1997). These general
constraints are expressed in the four laws of thermodynamics. In the petroleum industry,
thermodynamics of phase equilibria attempts to answer “Under given temperature and
pressure and mass of components, what are the amounts and composition of phases that
result?” (Kovscek, 1996)
3.1.1 Equation of State
At the heart of thermodynamics lies the equation of state, which in simplest terms is a
formula describing the interconnection between various macroscopically measurable
properties of a system. More specifically, an equation of state is a thermodynamic
equation describing the “state of matter under a given set of physical conditions. It is
a constitutive equation which provides a mathematical relationship between two or
more state functions associated with the matter, such as its temperature, pressure, volume,
or internal energy” (Thijssen, 2013).
Equations of state are instrumental in the calculation of Pressure-Volume-Temperature
(PVT) behavior of petroleum gas/liquid systems at equilibrium. Reservoir fluids contain a
variety of substances of diverse chemical nature that include hydrocarbons and
nonhydrocarbons (Ashour, 2011). Hydrocarbons range from methane to substances that
may contain 100 carbon atoms. In spite of the complexity of hydrocarbon fluids found in
underground reservoirs, equations of state have shown surprising performance in the
phase-behavior calculations of these complex fluids (Ashour, 2011).
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Since till to date, no single equation of state accurately predicts the properties of all
substances under all conditions, a number of equations of state have been developed for
gases and liquids, over the course of thermodynamics history. Among the various
categories of EOS, the Cubic Equations of State have been used in this work, as they have
been widely used and tested for predicting the behavior of hydrocarbon systems (Ashour,
2011) (Kovscek, 1996).
The generalized form of cubic equation of state is shown in equation 3-1 (Kovscek, 1996)
(Gmehling, 2012), where each of the four parameters a, b, u and w, depend on the actual
EOS as shown in Table 3-1.

P

RT
a
 2
V  b V  ubV  wb2

(3- 1)

Here, R is the ideal gas constant, T is temperature and V is molar volume.
Table 3-1 Parameter values for Cubic Equation of State (Kovscek, 1996)
Equation of
State
Van der Waals
EOS

U

W

B

A

0

0

RTc
8Pc

27 R 2Tc2
64 Pc

Redlich-Kwong
EOS (RK)

1

0

0.08664 RTC
PC

0.42748 R 2Tc5/2
1/2
PT
c

Soave RedlichKwong EOS
(SRK)

1

0

Peng Robinson
EOS (PR)

2

2
0.42748R 2Tc2
1  f 1  Tr1/2  


Pc

0.08664 RTC
PC

-1

where f  0.48  1.574  0.176 2

0.07780 RTc
Pc

2
0.45724 R 2Tc2
1  f 1  Tr1/2  


Pc
where
f  0.37464  1.54226  0.2699 2

In the above table, Tc and Pc are the critical temperature and pressure respectively,  is
the acentric factor and f is the acentric factor function.
When dealing with mixtures, mixing rule (Kwak, 1986) are applied to parameters a and
b:

av   yi y j  ai a j 

1/2

i

bv   yi bi
i
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1  k 
ij

(3- 2)

i

(3- 3)

Here v represents the vapor phase. In order to calculate al and bl (where subscript l
represents the liquid phase) y in equations (3-2) and (3-3) will have to be replaced by liquid
phase molar compositions of each component, often denoted by x. Each equation requires
an independent determination of kij or binary interaction coefficients, which are set zero
for Vander Waals and RK EOS by definition.
More commonly, equation (3-1) is written in terms of the Compressibility factor Z
(Kovscek, 1996) (Grguri, 2003):
Z 3  1  B*   B*  Z 2   A*   B*2   B*   B*2  Z  A* B*  wB*2   B*3  0 (3- 4)

Where

A* 

aP
R 2T 2

(3- 5)

B* 

bP
RT

(3 - 6)

3.1.2 Condition of Equilibrium
One of the most fundamental relationships in thermodynamics is given by equation (3-7)
(Firincioglu, 2014):
nc

U T  Q  W   i Ni

(3- 7)

i

Upon substituting the expression for Q and W , and rearranging equation (3-7), we get
a fundamental thermodynamic relationship and the definition of Gibbs free energy:
nc

dG  Vdp  Sdt   i dNi

(3- 8)

i 1

Here G is Gibbs free energy, V is Volume is m3 , dp is change in pressure in bars, S is
Entropy in joule/K, dt is the change in temperature is K,  is the chemical potential, N is
the number of moles, nc is the total number of components and i is the component index.
For a closed system to be in equilibrium, the chemical potential of a component, at a given
temperature and pressure condition, must be the same in each phase. The equilibrium
condition is thus given by (Firoozabadi, 1999):

i  i  ...  i ,
Np

i  1, 2,3..., N c

(3- 9)
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Where  and  are the phases and N p and N c are the total number of phases and
components respectively.
(Lewis, 1923) proposed the folowing expression for Gibbs free energy:
dGi  RTd ln f i

(3- 10)

Where f i is the fugacity of component i.
Fugacity is often computed from a relationship comprising of a dimensionless variable
called ‘fugacity coefficient’ (Matar, 2009). This is given by:

i  f i P

(3- 11)

Here i is the fugacity of component i and is computed using the following expression that
has been derived using the general form of cubic equation (Kovscek, 1996) (Matar, 2009):

b
A*
ln ˆi  i  Z  1  ln  Z  B*  
b
B*  2  4




*
2
 bi
 2 Z  B     4
   i  ln
b
 2Z  B*    2  4




(3- 12)

Where,

bi
Tci Pci

b  x j Tcj Pcj

i 

2ai1/2
a

(3- 13)

 x a 1  k 
j

1/2
j

ij

(3- 14)

j

Here A* and B* are given by equations (3-5) and (3-6).

At an equilibrium condition at constant temperature and pressure, we know dGi  0 and
dP  dt  0 . Substituting this in equation (3-8) we get:
Gi  i

(3- 15)

For the fugacity of component i then, it must hold that
dGi  d i  RTd ln fi
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(3- 16)

and the equality of the chemical potential translates into an equality of fugacity (Kovscek,
1996). Thus, at equilibrium, we have:

i  i  ...  i

Np



fi  fi   ...  fi

Np

i  1, 2,3..., N c

(3- 17)

3.1.3 Vapor Liquid Equilibrium / Flash Computatution
Using flash one can obtain the equilibrium composition of two co-existing phases and solve
for bubble and dew point pressures. The general flash routine that AD-GPRS1 follows is
outlined as under. This method also closely follows the algorithm illustrated by Kovscek
( 1996). A simplified representation of flash is illustrated in the following flow chart:

1

AD-GPRS which stands for Automatic Differentiation General Purpose Research Simulator, is Stanford University’s
in-house reservoir simulator.
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Figure 3-1 Conventional Vapor Liquid Equilibrium Workflow

1. Guess K-Values
The first step to make an initial guess for K-values, where K is the equilibrium ratio given
by K  yi xi and xi and yi are the liquid and gaseous molar fractions of component i .
This initial guess can be computed using Wilson’s Equation (Wilson, 1969):
Ki 

yi Pci

 T

exp 5.37 1  wi  1  ci
xi
P
T







(3- 18)

Here, Pci and Tci are the critical pressure and temperature of a component with index i. wi
is the accentric factor of the component.
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2. Flash
The mixture is then flashed in order to determine the vapor and liquid compositions. For
two phases, a mass balance on 1 mole of mixture yeilds the following:
zi  xi l  yi (1  l )

(3- 19)

Here zi is the overall composition of a component in the system and l is the mole fraction
of the mixture that is present in liquid phase. Plugging K  yi xi into equation (3-19), we
get expressions for the liquid and gaseous molar fractions for each components as follows:

xi 

zi
l  1  l  Ki

(3- 20)

yi 

Ki zi
l  1  l  Ki

(3-21)

Using the fact that the sum of all mole fractions in each phase must be one, we can combine
equations (3-20) and (3-21) to yeild:
nc

f l   
i

zi 1  Ki 
0
Ki  1  Ki  l

(3- 22)

Equation (3-22) is called the Rachford Rice Equation (Rachford, 1952) and can be
iteratively solved to obtain l (the unknown) liquid fraction. The converged value of l tells
whether the system is in single vapor phase ( l < 0 ), two phases ( 0  l  1 ) or single liquid
phase ( l > 1 ). Additionally, once l is known, equations (3-20) and (3-21) can be used to
obtain the liquid and vapor compositions of each component in the system. Mixed
Newton/Bisection method is often used to solve for l.
3. Computation of EOS Parameters
Phase molar compositions thus otained can be substituted in equations (3-2) and (3-3) to
obtain respective EOS paramemeter for each phase, that is, av , al , bv and bl .
4.

Solving EOS for Liquid and Vapor Volumes

If there are two phases present in the system, the EOS will be solved twice (one for each
phase) using its respective phase EOS parameters. Each soulation gives the volume of its
respective phase. At given P and T, the compressibility factor Z is computed for each phase
(that is Z v and Z l ) using equation (3-4). Note that inorder to do that, A* and B* in
equations (3-5) and (3-6) too are seperatedly computed for each phase. For instance, Av*
uses av and Al* uses al .
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The cubic equation returns three roots of Z each time it is solved and the right root is
selected on the basis of whichever minimizes the Gibbs energy the most. The sign of G
determines the physical root of Z. That is if,
G  0  Z v is the physical root
G  0  Z l is the physical root

5. Computation of Fugasities
Once liquid and vapor volumes are computed, we use equation (3-12) to compute fugasity
coefficients for every component i and equation (3-11) to compute the corresponding
fugacities.
6. ConvergenceThe system is in equilibrium when the following is true for all components:

fi l  fi v

,

i  1, 2,...N c

Numerically, this is equivalent to

fi l
1  
fˆ v

(3- 23)

i

Here  is a small number, usually in the range of 104 to 106 .
7. Updating K ValuesEach time a new K value is calculated, the system is checked for equilibrium. This can be
done using Successive Substitution (SSI) method. Thus K can be computed as:

 Ki 

k 1

 fˆ l

  iv Ki 
 fˆ

 i


k

(3- 24)

New values of l can thus be generated by computed K values and by solving equation (322).
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3.2 Modification of Flash to Incorporate Capillary Pressure in Tight Pores
Conventional flash involves the computation of all EOS parameters & fugacity for each
phase at a single pressure (Nojabaei, 2012). That is:
fi l  fi l  P,V l , T , x1 , x2 ,... ,

f i v  f i v  P,V v , T , x1 , x2 ,...

This works well for conventional reservoirs, but for tight reservoirs each phase has to be
treated against its own respective phase pressure. Therefore, fugacity is now defined by the
followingfi l  fi l  P l ,V l , T , x1 , x2 ,... ,

f i v  f i v  P v ,V v , T , x1 , x2 ,...

When the capillary forces are considered, the phase pressures are no longer equal and the
difference is given by Laplace equation which is as follows:

Pcap  Pg  Pl 

2 cos 
r

(3- 25)

Here, Pcap is the Capillary Pressure, Pg and Pl are the gas (vapor) phase and liquid (oil)
phase pressures, r is the pore radius,  is the wettability angle and  is the Interfacial
tension. In this work we will treat the wettability angle to be 180o or in other words
consider the reservoir to be oil wet, which in many cases, such as Bakken shale reservoir,
is a valid assumption (Fine, 2009). Therefore, equation (3-25) gets simplified to the
following:

Pcap 

2
r

(3- 26)

There are several correlations and methods to calculate the interfacial tension (IFT).
According to Ayirala (Ayirala, 2006), the most important among these models are the
Parachor model (Macleod, 1923) (Sudgen, 1924), the corresponding states theory (Brock,
1955), thermodynamic correlations (Clever,1963), and the gradient theory (Carey, 1979).
In this work, Macleod-Sugden (MS) formulation has been used to calculate IFT because it
is most widely used in the petroleum industry due to its simplicity (Ayirala, 2006).
Equation (3-27) presents the MS formulation:



     i  xi  L  yi  V  
 i


4

(3- 27)

Here  i is components’ Parachor value and  L and  V are liquid and vapor densities
respectively. Thus, interfacial tension is a function of changes in densities, compositions
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and Parachor, and becomes zero at the critical point where phase properties start
approaching each other.
The flash flow chart presented in Figure 3-1 can thus be modified as illustrated in Figure
3-2 to incorporate capillary pressure. Here, the red boxed parameters get influenced by
capillary pressure, which in turn influences the whole flash. A more detailed illustration of
the modified VLE algorithm is given in Appendix A. Similar modifications in the VLE to
accommodate capillary pressure have been done by Firincioglu (2014) and Nojabaei
(2012), previously.

Figure 3-2 Modified Vapor Liquid Workflow to Incorporate Capillary Pressure
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3.3 Stability Test using Gibbs Free Energy approach

It has been shown by Wang (2013) that standard stability test based on tangent plane
distance analysis can be extended to consider capillarity effect. Michelsen (1982) showed
that equation (3-28) holds true if the original system is stable:
m

 y ln f  y   ln  z   0
i

(3- 28)

i

i

where, fi ( y ) is the fugacity of the incipient phase of component i, while f i  z  is its
fugacity in the original system. Here the original phase is liquid and the incipient phase is
vapor. If the original phase were vapor, the incipient must have been liquid.
Considering the definition of fugacity:

fi ( z)  zii ( z) P L

(3- 29)

fi ( y)  zii ( z) PV

(3- 30)

where i is the fugacity coefficient of component i, we can substitute equations (3-29) and
(3-30) in equation (3-28) to get the following expression:

 y ln  y  ( y) P   ln  z  ( z) P 
M

V

i

i i

L

i

(3- 31)

i

Some rearrangement of equation (3-31) and (3-28) can yield the following:

 y ln y  ln  ( y)  ln z  ln  ( z )   ln P
M

V

i

i

i

i

 ln P L    0

(3- 32)

Thus using this approach Wang (2013) showed that the capillary term  ln PV  ln P L  is
naturally incorporated in the equilibrium test.
3.3 Summary
In this chapter, we presented a detailed background of thermodynamics related to fluid
flow in porous media and how it can be modified to incorporate capillary pressure that
becomes significant in tight pores, using a methodology that can be readily used in modern
compositional simulators.
In the next chapter, this methodology will be used to decipher the influence of capillary
pressure on fluid phase behavior in tight pore reservoirs.
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Chapter 4
Investigation on the Influence of Capillarity on
Confined Fluid Behavior
Capillary pressure can have considerable impact on the overall recovery of hydrocarbons
(Alharthy, 2013) (Firincioglu, 2014) (Nojabaei, 2014). This chapter investigates the
changes in fluid phase behavior that can result due to the influence of capillary forces
that arise in tight pores. A secondary goal of this work is to compare the results obtained
using AD-GPRS with published literature where appropriate. We begin our study with
simple binary mixtures, followed by a more realistic Bakken fluid.

4.1 Investigation on the Influence of Capillary Pressure using Binary Mixtures
This section follows the work of Nojabaei (2012), however unlike the author, we extented
a fully compositional simulator (AD-GPRS2) to model the impact of capillarity on phase
behavior as a function of pore radius.
We first investigated the impact of capillary pressure on bubble point by varying the pore
size, using a binary mixture composed of 30% C1 and 70% C6. Figure 4-1 illustrates that
small pore radii can cause significant reduction in the bubble point pressure. For this
mixture, the influence of capillary pressure fades away as the pore size approaches 100 nm.
The phase envelope calculations use Peng Robinson Equation of State (EOS) discussed in
the previous section. The impact of capillary pressure on dew points is not shown here.
Based on published literature (Nojabaei, 2012) (Teklu, 2014), dew points also get shifted
but often in magnitudes that are lesser than the bubble point shifts. Capillary pressure
makes dew point appear sooner or at relatively higher reservoir pressures (Alharthy, 2013).

2

AD-GPRS stands for Automatic Differentiation General Purpose Research Simulator and is Stanford University’s inhouse reservoir simulator.
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Figure 4- 1 Impact of Pore Radius on Bubble Point Suppression

Next the pore size was fixed to 10 nm and the influence of varying compositions of the
binary mixture on bubble point supression was studied. The amount of methane was varied
in the binary mixture comprising of C1  C6 . Figure 4-2 shows the phase envelopes both
with and without capillary pressure. With the increase in the percentage of the heavier
compenent C6 in the system, the critical pressure positions’ shift. This influences the
strength of capillary pressure, which in turn gets translated into higher bubble point
suppression. This is because higher bubble point pressures reduce the density differences
between liquid and vapor (Nojabaei, 2012) and thus suppress the impact of capillarity.

Figure 4- 2 Influence of varying composition of C1-C6 on capillary pressure’s influence.
Left: AD-GPRS, Right: (Nojabaei, 2012)
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Since capillary pressure is a function of vapor and liquid phase densities, the changes in
densities at various locations of the phase envelope was determined next. Figure 4-3 shows
the phase envelope of a binary mixture composed of 70% C1 and 30% C6 . Point D and F
marked on the envelope are close to the bubble and dew point pressures respectively, while
Point E lies in between them. The percentage density change of each phase with and
without capillary pressure is shown in Figure 4-4. The solid lines represent percentage
density difference with and without capillarity for oil phase at each of the marked locations,
while the dotted lines represent vapor phase. The highest density difference achieved in oil
phase near the bubble point at a pore radius of 2.857 nm is approximately 7%. The highest
density difference achieved in the vapor phase is around 5% and is near the dew point.
Since capillarity is a function of interfacial tension, which is in turn is a function of the
differences in densities of both the phases, it can be seen that oil and gas phase densities
differ the most from each other at point D, which is close to the bubble point region. This
explains why the highest impact of capillary pressure is in the bubble point region.

Figure 4- 3 Points indicating various
positions in the phase envelope of
70% C1- 30% C6
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Figure 4- 4 Percentage density differences caused by
capillary pressure in liquid and vapor phases at the
positions shown in Figure 4-3

4.2 Investigation of the Influence of Capillary Pressure using Bakken Fluid
Composition
From the results obtained using binary mixture fluid compositions, it can be concluded
that capillary pressure suppresses bubble point and causes the fluid densities to change.
Further on, magnitude of capillary pressure is a function of pore radius, fluid composition
and the pressure & temperature conditions. We next extended this study to more realistic
fluid composition obtained from Bakken. Figure 4-5 shows the phase envelope of a
Bakken fluid sample bearing the composition given in Table 4-1. More information on
fluid properties can be obtained from Nojabaei (2012).

Table 4 - 1 Composition of Bakken fluid sample (Nojabaei, 2012)
Component

C1

C2

C3

C4

C5-6

C7-12

C1321

C22-80

Molar
Fraction

0.36736

0.14885

0.09334

0.05751

0.06406

0.15854

0.0733

0.03704

Figure 4- 5 Phase Envelope of Bakken Fluid Sample

A typical tight reservoir such as Bakken has a pore radius ranging from 10 nm to 50 nm
(Wang, 2013). Therefore, capillary pressure should be of influence its fluid’s phase
behavioral properties. Figure 4-6 shows the suppression of bubble point pressure of Bakken
fluid phase envelope at a pore radius of 10 nm. This suppression can lead to considerable
deviation of fluid flow properties from its respective unconfined state. Additionally,
suppression in Bakken fluid’s bubble point starts fading away quickly as the pore radius
approaches 100 nm.
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Figure 4- 6 Bakken fluid phase envelope bubble point suppression under the influence of
capillarity

As was discussed in Chapter 2, the suppression of bubble point pressure leads to the
retention of gas in oil for a longer time as the pressure is reduced, and will density and
viscosity of oil. This led to the investigation of the impact of pore radius on Bakken fluid
density. Figure 4-7 shows reduction in oil density as the pore radius increases and the
reservoir pressure decreases. This indicates that capillarity becomes more influential at
lower reservoir pressures. Oil viscosity displays a similar trend, as shown in Figure 4-8.
Gas density and viscosity on the other hand show an increase when pores become tighter,
as shown in Figures 4-9 and 4-10. Each of the results have been matched against the results
obtained by Nojabaei (2014). The results only display densities and viscosities till the
bubble point pressures as the capillary pressure becomes zero above that. Owing to the
uncertainty in interfacial tension (IFT) calculations and Macleod & Sugden correlation’s
tendency to under-predict IFT (Ayirala, 2006), cases were included where IFT was
multiplied by a factor of 3. All of cases obtained by Nojabaei (2014) that are shown below
have IFT multiplied by 3. The final figure, Figure 4-11, shows the density of oil as a
function of pore radius when the reference pressure is change from oil phase pressure to
gas phase pressure, that is, Po  Pg  Pcap instead of Pg  Po  Pcap .
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Figure 4- 7 Bakken oil density as a function of pore radius and oil phase (reservoir) pressure.
Left: AD-GPRS, Right: (Nojabaei, 2014)

2.1.
Figure 4- 8 Bakken oil viscosity as a function of pore radius and oil phase (reservoir) pressure
Left: AD-GPRS, Right: (Nojabaei, 2014)

Figure 4- 9 Bakken gas density as a function of pore radius and oil phase (reservoir) pressure
Left: AD-GPRS, Right: (Nojabaei, 2014)
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Figure 4- 10 Bakken gas viscosity as a function of pore radius and oil phase (reservoir) pressure
Left: AD-GPRS, Right: (Nojabaei, 2014)

Figure 4- 11 Bakken oil density as a function of pore radius and gas phase pressure
Left: AD-GPRS, Right: (Nojabaei, 2012)

4.3 Summary
In this chapter, changes in fluid phase behavior due to the influence of capillary forces in
tight pores, were investigated. Capillary pressure can cause significant reduction in the
bubble point pressure, and oil density and viscosity. Gas density and viscosity were shown
to have increased on the contrary. It was also shown that the magnitude of capillary
pressure depends on pore size, reservoir pressure and fluid composition. For the specific
Bakken fluid sample under investigation, capillary pressure influenced fluid phase
behavior for pore radii less than 100 nm.
An important goal of this chapter was to compare the results obtained using AD-GPRS
with published literature where appropriate, by extending a compositional simulator to
incorporate capillary pressure. This and Chapter 5 were used to prepare ground for the
work on more realistic reservoir models that will be presented in Chapter 6.
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Chapter 5
Testing Implementation of Capillarity for Tight Pores
in AD-GPRS with Production
Incoporating capillary pressure and the impact of confinement on the performance of liquid
rich shale reservoirs in fully compositional reservoir simulators is a relatively novel
research direction and so current commercial simulators are not equipped with this
capability. Therefore, after having matched fluid phase behavior results with published
literature, capillary pressure formulation in AD-GPRS was put to further testing in the
presence of sources/wells in the system.
5.1 Test Case 1
Testing the formulation with Source but no Capillary Pressure
The first case developed for this purpose has a single source in the system and capillary
pressure in modified AD-GPRS has been set to zero. This effect can be achieved by setting
pore radii in all the grid blocks to very large values. The purpose of setting up this case
was to test if the modified version of AD-GPRS was performing adequately in the presence
of a source, when capillary pressure’s influence is absent. A similar case was developed
using Schlumberger’s commercial simulator Eclipse (E 300, 2013.2). Figure 5-1 shows the
results of daily production rates obtained from both the simulators agree well.

Figure 5 - 1 Comparison of Eclipse and modified AD-GPRS, in the presence of source and with
capillary pressure set to zero in AD-GPRS
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5.2 Test Case 2
Testing Formulation under the Influence of Capillary Pressure but no Source
Next, all wells in the reservoir were removed so that a mass balance test could be done.
The purpose of setting up this case was to test if despite the presence of capillary pressure
in the system, the properties of all the blocks where consistent and equal, given that there
is no source in the system. A simple case of three blocks was developed and the properties
of all the blocks after 200 days of simulation were noted. These were found to be the same
in all the grid blocks.
5.3 Test Case 3
Testing Implementation under the influence of both Source and Capillary Pressure
Finally, both the source and capillary pressure were set functional in the system and tests
cases were developed both above and below the bubble point of the system. Using Figure
4-6, we know that the suppressed bubble point pressure of Bakken fluid sample under the
influence of capillary pressure at a pore radius of 10 nm is around ~2300 psia at reservoir
temperature of 240 F. The first case constructed was set at a reservoir pressure of 5000 psia
and a flowing bottom hole pressure of 3500 psia, both of which are way above the bubble
point. Figure 5-2 shows that just as expected, since reservoir pressure bears only single oil
phase above the bubble point pressure, the gas rate at reservoir condition is zero, while oil
rates shows no difference with and without capillary pressure. Figure 5-3 shows the results
for the case when the reservoir and flowing bottom hole pressure are set to 2000 psia and
100 psia respectively, which are below the bubble point. Under the influence of capillary
pressure, the oil rates show an increase while gas rates show a decrease. Similar trends,
that is, of oil rate increasing and gas rate decreasing have been obtained by various other
authors (Wang, 2013) (Firincioglu, 2014).

5 – 2 Daily Production rates at reservoir conditions above the bubble point pressure
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5 - 3 Daily Production rates at reservoir conditions below the bubble point pressure

5.4 Summary

This chapter illustrated the tests done on capillary pressure foumulation in AD-GPRS in
the presence of sources/wells. After obtaining successful results in this Chapter and
comparisons illustrated in Chapter 4, the impact of confinement on realistic reservoirs
scenarios was investigated next.
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Chapter 6
Influence of Capillarity and Critical Properties Shifts
due to Confinement in Realistic Reservoir Scenarios
Investigation on the influence of capillary forces on fluid phase behavior indicated that
these can have a considerable impact on reservoir performance. After having tested the
formulation in a variety of ways, different cases were developed to analyze the magnitude
of this influence in realistic reservoir systems .This chapter highlights the impact of pore
size distribution, variation in fluid composition and alteration of critical properties as a
result of confinement, on daily production and over all recovery of hydrocarbon.
6.1 Reservoir Model Set-up
All the cases in the upcoming sections use the reservoir set up depicted in Figure 6-1, with
slight modifications to serve their purposes. A single porosity reservoir model bearing 10
fractures and a single horizontal well was constructed. Reservoir and well properties have
been listed in Table 6-1. Pore radii in fractures grid blocks were set to very high values so
as to avoid capillarity’s influence in them.

Figure 6 - 1 Reservoir model set up to investigate the influence of capillary
pressure on hydrocarbon recovery (image obtained from CMG GEM 2013.11)
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Table 6 - 1 Reservoir and Well properties
Number of Grid Blocks

1500 (100 x 15 x 1)

Reservoir Depth

6000 ft

Reservoir Pressure

4200 psi

Reservoir Thickness

100 ft

Reservoir Temperature

240 F

Matrix Permeability

0.01 md

Matrix Porosity

0.05

Fracture Width

2 ft

Fracture Permeability

2.25 md

Fracture Porosity

0.5

6.2 Impact of Pore Radius on Hydrocarbon Production and Recovery
Since oil density and viscosity decrease, while gas density and viscosity increase with the
reduction in pore radius based on the findings of Chapter 4, oil production should
consequently increase as the pores become tighter, while gas production should decrease.
In order to study this, two cases were set up using Bakken fluid system.
6.2.1 Reservoir Conditions above the Bubble Point Pressure
In the first case the initial reservoir pressure was set to 4200 psia which has been cited as
being close to Bakken’s (wherefrom the sample was collected) current reservoir pressure
(Alharthy, 2013) (Nojabaei, 2014), while FBHP was set to 500 psia. Since Figure 4-6 had
shown that the bubble point pressure can vary from its original unconfined value of ~2700
psia to values well below it when tighter pore radii cause bubble point pressure suppression,
these initial conditions are above the bubble point pressure of Bakken fluid system. Figures
6-2 and 6-3 show that the daily and cumulative production at reservoir conditions do not
change significantly as a single well producing at a low FBHP is only able to deplete a few
reservoir blocks below the bubble point pressure. Difference in cumulative Oil production
at a pore radius of 13 nm from its original unconfined behavior is only ~2% after running
the simulation for nearly 6 years, while the difference in gas production is 6.35%. Under
confinement oil showed a minor increase while gas production dropped. Even though
capillary pressure results in the delay of gas evolution from oil and thus reduces oil density
and viscosity, Figures 4-7 to 4-10 show that this reduction gets more and more influential
as the reservoir pressure drops to lower values. Thus at conditions that are way above the
bubble point pressure, the influence of pore radii and subsequently the capillary pressure
is zero.
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Figure 6 - 2 Daily production rates with reservoir pressure set above Pb of Bakken fluid system at various
pore radii

Figure 6 - 3 Cumulative production with reservoir pressure set above Pb of Bakken fluid system at
various pore radii

6.2.2 Reservoir Conditions below the Bubble Point Pressure
We next developed a situation that depicts the reservoir pressure of Bakken having fallen
below its fluid system’s bubble point pressure. The initial reservoir pressure was lowered
to 2000 psia, which is well below Bakken fluid’s bubble point pressure, and the FBHP set
to 100 psia. Figures from 6-4 to 6-6 show that at these lower reservoir pressures, pore radii
and subsequently the bubble point pressure has significant influence on hydrocarbon daily
production and recovery. At such low pressures, difference in cummulative oil production
after ~6 years was found to be 33.2% and while in cumulative gas production to be 15.6%.
Also note that just as was depicted by Figure 4-6 that bubble point suppression approaches
nearly zero at pore raddii greater than 100nm. Similar trend can be shown in production
where difference in cumulative production with and without capillarity approaches zero as
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the pore size increases to 100 nm. Since a typical shale field has a high well density, this
study can be extended to an interesting field optimization analysis. Depending on the
reservoir pressure decline rate and the minimum abandoment pressure, the influence of
capillary pressure can be optimized to the operators’ advantage.

Figure 6 - 4 Left: Daily Oil production with reservoir pressure set below Pb of Bakken fluid
system at various pore radii Right: Zoomed-in version of the figure on left

Figure 6 - 5 Left: Daily Gas production with reservoir pressure set below Pb of Bakken fluid system
at various pore radii Right: Zoomed-in version of the figure on left
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Figure 6 - 6 Cumulative production with reservoir pressure set below Pb of Bakken fluid
system at various pore radii

6.3 Impact of Pore Size Distribution on Hydrocarbon Production and Recovery
According to Sondergeld (2013), shale reservoirs exhibit hydrocarbon storage and flow
characteristics that are “uniquely tied to nano-scale pore throat and pore size
distribution”. A typical shale reservoir can contain pores of size ranging from 2-5 nm
(nano-pores) to >100 nm (macro-pores) (Alharthy, 2013). Even though we ran cases in
the previous section using same pore size throughout the reservoir to investigate the
fundamentals of capillary pressure’s dependence on pore radius, in reality, the influence
of capillary pressure is expected to be associated to the specific pore size distribution
(PSD) in the reservoir. Two PSD cases were thus investigated.

6.3.1 Pore Size Distribution 1
(Kuila, 2012) compiled pore size distribution of various shale samples, as shown
in Figure 6-7. Based on the interpretation offered by Mavor (2013) on the work of
Kuila (2012), in a typical shale reservoir:
•
•
•
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Roughly 80-87% of the pore space is occupied by pores bearing an average
radius greater than 100 nm.
10-15% of pore space have an average radius of about 25 nm.
3-5% of pore space have average pore radius of 2-3nm

Figure 6 - 7 Pore size distribution of various shale sample (Kuila, 2012).
Taken from Alharthy (2013)

A synthetic pore size distribution was created using the pattern explored by Kuila (2012),
but with pore radii multiplied by a factor of 2 to give pessimistic results.1500 hundred grid
blocks of the reservoir where distributed as shown Figure 5-8, that is, 5% of the blocks
were set to pore sizes in the range of 1-10 nm, 15% in 10-100 nm and the rest of 80% in
the category of pore sizes to be greater >100 nm. Figures 6-8 and 6-9 show the distribution
of pore sizes in these three different ranges. Similar to the work of Kuila (2012), the
medians of the three distribution are ~4 nm, ~30nm and ~2250 nm. Once 1500 pore sizes
were generated, each grid block was randomly assigned a pore size value from this
generated list.
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Figure 6 - 8 Distribution of pores size used in simulation (adopted
from Kuila (2012) with pore radius multiplied by 2)

Figure 6 - 9 Distribution of pore sizes in various ranges
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Figure 6- 10 Cumulative oil and gas production at PSD 1

The initial reservoir pressure was set to 2500 psia (below the bubble point pressure) and
FBHP set to 100 psia. Figure 6-10 shows cumulative oil and gas production with and
without capillary pressure, respectively. The increase in cumulative oil production after
running the simulation for ~6 years is only 3.331%, while the decrease in gas production
is 0.98%. This is because a great proportion of pores fall in the macro-pore domain where
the effect of confinement is negligible.
6.3.2 Pore Size Distribution 2
It has been cited by several authors that average pore radius of Bakken field is less than
100 nm (Firincioglu, 2014) (Wang, 2013) (Nojabaei, 2012). Therefore, in reality the
porportion of nano and meso-pores is expected to be much larger than that indicated in
Kuila’s derived PSD. Figure 6-11 shows yet another PSD synthetically created. Pore sizes
ranging from 10 nm to 100 nm form 60% in this PSD.

Figure 6 - 11 Pore size distribution with a larger
proportion of meso-pores
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Simulation was run for ~5.5 years using the generated PSD at a reservoir pressure of 2500
psia and a FBHP of 100 psi. Figures 6-12 and 6-13 show the differences in the daily and
cumulative production. Cumulative oil production showed an increase of 10%, while
cumulative gas production showed a decrease of 4%. It is interesting to compare this more
realistic case with the one studied in section 6.2.2 where the reservoir was considered to be
homogenously distributed with only 13 nm sized pore radii and the initial reservoir pressure
was 2000 psia. The difference in cummulative oil production after ~6 years was found to
be a staggering 33.2% and while in cumulative gas production to be 15.6%. Thus in reality,
the impact of capillary pressure is uniquely tied to the PSD of the resevoir.

Figure 6 - 12 Daily production rates at PSD 2

Figure 6 - 13 Cumulative production at PSD 2
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6.4 Impact of Fluid Composition on Capillary Pressure
Unlike single phase shale gas reservoirs, liquid rich fluids in shale have an obvious added
complexity resulting from multiple phases. Many shale reservoirs such as the Eagle Ford,
contain a wide spectrum of hydrocarbon fluids. According to Haghshenas (2014) the fluid
type in shale reservoirs can range from “low GOR black oil to volatile, rich and lean gas
condensates, wet gas and even dry gas”. Additionally, these fluid compositions have also
been shown to vary spatially within the play (Haghshenas, 2014). Therefore fluids must be
characterized accurately in order to predict fluid production from liquid rich shale
reservoirs.
In this section, we investigate the impact of varying fluid composition on capillary
pressure. It is very likely that capillary pressure’s influence on production using one fluid
composition system will differ from the other. We did a similar investigation using simple
binary mixtures in Chapter 4. In this chapter, we studied this same effect by varying the
composition of Bakken fluid. This was done by increasing the percentage of each of the 8
elements in Bakken fluid by 50% turn by turn, while normalizing the others, so as to check
which set of components caused the greatest increase in the influence of capillary pressure.
Table 6-2 lists the original and altered compositions of Bakken fluid.
Table 6 - 2 Original and altered compositions of Bakken fluid
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Figure 6 - 14 Impact of composition on capillary’s pressure’s influence on cumulative oil
production

The simulation was run at a reservoir pressure below the bubble point pressure. Based on
our findings, the magnitude of capillary pressure differs for different sets of compositions.
Figure 6-14 shows the percentage difference in the cumulative oil production with and
without capillary pressure at a fixed pore radius of 10 nm. The trend shows that capillary
pressure’s impact becomes greater as the percentage of mid-heavy components is
increased, and starts dropping as the percentage of the heavy components increases. This
effect could be best explained in terms of pressure temperature phase diagrams.
Nojabaei (2012) investigated the influence of capillary pressure on simple binary mixtures,
as shown in Figure 6-14. They found that the influence of capillary pressure becomes more
apparent “as the fluids become more immiscible. That is, C3 is substituted with C4 and
C4 with C6 , as long as the pressures remain relatively low”. The effect of capillary pressure
on the bubble point is decreased for C1  C10 mixture because the bubble point pressures
for that system become much higher, which reduces the density differences between liquid
and vapor. The larger pressures therefore reduce the interfacial tension along the bubble
point curve.
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Figure 6 - 15 Phase envelopes for binary mixtures with and
without capillary pressure (Nojabaei, 2012)

Extending these findings to Bakken fluid system, three composition sets were chosen,
namely +50% C1 (lighter), +50% C7-C12 (mid-heavy) and +50% C23-C30 (heavy).
Figure 6-16 shows the bubble point pressure curves of these three composition sets.
Agreeing to the results shown in Figure 6-15, and findings of Nojabaei (2012), the +50%
C7-C12 (mid-heavy) experiences the highest suppression in bubble point pressures based
on its critical point position. Therefore, phase envelope’s original shape (critical point
position) plays a key role in determining the impact of capillary pressure.

Figure 6 - 16 Phase envelopes of 3 altered Bakken fluid compositions: +50% C1 (lighter), +50%
C7-C12 (mid-heavy) and +50% C23-C30 (heavy)
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6.5 Impact of Critical Properties Shifts due to Confinement on Hydrocarbon
Production
From the influence of capillary pressure, we now shift the discussion to the alteration of
critical properties due to confinement in tight pore systems. Confined space or pore
proximity effect alters the fluid properties and phase behavior (Singh, 2009) (Sapmanee,
2011) (Teklu, 2014). This has been discussed in detail in Chapter 2. This section follows
the work of Teklu (2014) and then extends the study towards investigating the impact of
critical properties shifts in realistic reservoir scenarios using AD-GPRS.
6.5.1 Impact of Critical Properties Shift due to Confinement on Fluid Phase Envelope
Singh (2009) used Grand Monte-Carlo simulation to study the impact of confinement on
critical properties. He developed the following correlations for the shifts in critical
tempertare and pressureT 
*
c

P 
*
c
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Tcb  Tcp
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Tcb
, which is Lennard Jones size parameter (collision diameter in nm),
Pcb

rp is pore radius (nm), Tc* is relative critical temperature shift (dimensionless), Tcb is
bulk critical temperature (K), Tcp is pore critical temperature (K), Pc* relative critical
pressure shift (dimensionless), Pcb is pore critical pressure (atm) and Pcp is pore critical
pressure (atm).
Table 6-3 lists the confinement parameters, critical property shifts and the subsequent
confined critical properties of Bakken fluid components at a pore radius of 10 nm. Both
critical temperature and pressure decrease under the influence of confinement.
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Table 6 - 3 Confinement parameters and critical property shifts of Bakken fluid components at a
pore radius of 10 nm

In order to study the impact of pore size on the critical property shifts of various
components in Bakken fluid system, the  LJ rp ratio was computed for every pore radius
(parameters for pore radius of 10 nm have been listed in Table 6-3). Figure 6-17 shows the
plot of these critical shifts for Bakken fluid components at 4 different pore radii (points in
same color share the same pore radius). As can be seen, the critical property shift increases
as the molecules become heavier and the pore radius becomes smaller. Based on these
findings, Teklu (2014) postulated that these shifts can be ignored for pore size > 30 nm.

Figure 6 - 17 Impact of critical property shift as a function for Bakken
fluid component

Using the new critical properties, Bakken fluid phase envelope was constructed using ADGPRS. Figure 6-18 shows significant suppression of the entire phase envelope and a pore
radius of 10 nm.

77

Figure 6 - 18 Suppression of Bakken fluid phase envelope due to shifted critical
properties at pore radius of 10 nm

6.5.2 Impact of Critical Properties Shift due to Confinement on Hydrocarbon Production
After having studied certain key aspects of phase behavioral changes due to shifts in the
critical properties, this investigation was extended to study the impact of confinement on
hydrocarbon production in realistic reservoir set-up. The same model as described in Table
6-1 was used, but the fractures were removed because confinement effect is only felt in
rock matrix. Figures 6-19 and 6-20 show that both oil and gas production increases. Similar
trends were observed by Sanaei (2014) for Eagle Ford gas condensate system. They found
that two-phase envelope shrinks due to decrease in pore size and “fluid starts to behave
more like a dry gas”. Sanaei, in the same work, also found that both condensate and gas
viscosity decreased under confinement. This factor, as well as a significant decrease in
condensate drop-out resulted in a “dramatic increase” in liquid production under
confinement. They investigated different reservoir scenarios and obtained a maximum of
200% difference in condensate production prediction.
The cumulative production’s trend shown in Figure 6-19 appears linear since a single
well is producing from a very tight matrix with no fracture. A better approach would have
been to relate the critical property shift to permeability and divide the reservoir in
segments based on permeability. The impact of confinement should be absent in
fractures.
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Figure 6- 19 Impact of critical properties’ shift due to confinement on daily production rates

Figure 6- 20 Impact of critical properties’ shift due to confinement on cumulative production

6.6 Summary

This chapter investigated the impact of confinement (capillary pressure and critical
property shifts) on hydrocarbon production in realistic reservoir scenarios. In the presence
of capillary pressure, the change in production was found to be zero when the reservoir
pressure is above the fluid bubble point pressure. Capillary pressure was found to be a
strong function of reservoir pressure, pore radius and fluid compositions. Correlations used
for calculating critical property shifts showed that both critical temperature and pressure
reduce as the pore size is decreased. It was shown that this reduction is greater for heavier
components. Additionally, both oil and gas production showed an increase with the new
shifted critical properties.
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Chapter 7
Critical Fine details related to the Implementation of
Capillarity for Tight Pores in Reservoir Simulators
This chapter involves discussion of some of the finer yet important details related to
extending capillary pressure formulation in reservoir simulators. It is intended to highlight
a few areas that need to be dealt with careful consideration so as to avoid potential
inaccuracies. Some of these points can be extended to new frontiers of research in this area.
7.1 Impact of the Presence of Fractures on Influence of Capillary Pressure
As was mentioned in Chapter 6, the effect of confinement should only be felt in rock matrix
and not in fractures. In this formulation, fractures can be considered as regions with infinite
pore radius, to mitigate the effect of capillarity in them. Thus more the fractures, less is the
influence of capillarity. Figures 7-1 and 7-2 show the error that might be caused if the 10
hydraulic fractures were not separately accounted for in flash calculations. The simulations
have been run with initial reservoir pressure set below the bubble point pressure of Bakken
fluid. Lines of same color indicate same pore radii. The error increases as the pore size
decreases. Also, note that the reservoir set up used in this work is single
porosity/permeability. In reality a typical shale reservoir is highly fractured and so natural
fractures should be considered. A better approach would be a multiple
porosity/permeability model with confinement related computations done only in the
matrix region. It is thus important to properly characterize the fractures in a reservoir
system so as to get a more accurate representation of production scenario under the
influence of capillarity in tight pore systems. Same goes with the impact of confinement
on critical properties’ shifts. A good approach can be to set confinement effect to zero in
high permeability regions.
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Figure 7- 1 Differences in cumulative oil production at different pore radii
when the flash is incorrectly modified in both matrix and fractures, and when
modified only in the matrix

Figure 7- 2 Differences in cumulative gas production at different pore radii
when the flash is incorrectly modified in both matrix and fractures, and when
modified only in the matrix.
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7.2 Introducing relationship between Permeability, Porosity and Pore Radius
Another simplification often done when dealing with extending the impact of confinement
on tight pores is to fix the permeability, irrespective of the pore radius. In reality however,
permeability, porosity and pore radius are all related. Reducing the pore size should
decrease the permeability. Several attempts were made to study the influence of capillarity
after linking these key parameters during the course of this work, and some key conclusions
derived that are open to future research work. Table 7-1 shows pore radii calculated against
permeability at a fixed porosity of 0.06 using correlations developed by Carman (1937),
Kozeny (1927) and Nelson (1994). This table has been adopted from Wang (2013).
Table 7- 1 Pore size values against permeability Carman
(1937), Kozeny (1927) and Nelson (1994). (Adopted from
Wang (2013)

The above values were used to run simulation cases with the initial reservoir pressure set
below the bubble point pressure. With every pore radius, its corresponding permeability,
was used. Figures 7-3 and 7-4 show that both oil and gas show decrease in production
with the reduction in pore size as the impact of reduction in permeability seems to be
masking the impact of capillarity.
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Figure 7- 3 Daily oil production rate at various pore radii using corresponding
permeability values from Table 7-1

Figure 7- 4 Daily gas production rate at various pore radii using corresponding permeability
values from Table 7-1

It is hard to comment what to expect in reality as it has been proven that permeability,
porosity and pore radii correlations developed for conventional reservoirs do not apply to
unconventional reservoirs (Hinai, 2013). In Table 7-1, the permeability corresponding to
50 nm is 0.007 md. According to Zhang (2011) the permeability of a typical tight reservoir
ranges from 0.00001–0.0001 md. Thus 0.007 md easily falls outside the range of an ultratight reservoir such as shale. Additionally, in general measuring permeability in tight pores
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is difficult. More research needs to be done in this domain so has to achieve a more realistic
correlation.
A better approach would be to compute permeability, porosity and pore-size relationship
for the specific shale formation under investigation. Sanaei (2014) used several samples
from Eagle ford to obtain a linear relationship between pore size and permeability. This
correlation was used in their computations related to the impact of critical property shifts
due to confinement on hydrocarbon production.
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Chapter 8
Conclusions and Future Work
8.1 Conclusions
This research aimed to explore some of the key physical fundamentals of confinement.
The two phenomenon that may become significant in tight pore reservoirs are capillary
pressure and critical property shift due to confinement, were investigated. Following are
the main conclusions of this work:
1. Capillary pressure causes suppression in bubble point pressure and this suppression
is a strong function of pore radius, fluid composition and reservoir pressure.
2. The suppression of bubble point leads to reduction in oil density and viscosity, and
increase in gas density & viscosity.
3. The alteration of phase behavior due to the influence of capillary pressure leads to
an increase in oil production, while it reduces gas production.
4. The influence of capillary pressure is absent when the reservoir pressure is above
the bubble point pressure of the fluid. As the reservoir pressure falls below the
bubble point, capillarity can have a significant impact on hydrocarbon production.
5. Reduction in pore radius causes an increase in capillary pressure. In one example,
with a pore size of 13 nm (homogenously spread throughout the reservoir) and a
reservoir and FBHP of 2000 psia and 100 psia, respectively, an increase of 33.2%
in oil production at reservoir conditions, while a reduction of 15.6% in gas
production was experienced.
6. It was also found that pore size distribution can have a huge impact on the overall
magnitude of capillary pressure. Thus in one of the realistic pore size distribution
cases, the increment in condensate and gas production due to capillarity, was
obtained to 10% and 4% respectively, which is low when compared to 33.2% and
15.6% increment in cummulative oil and gas production obtained when the
reservoir is assumed to comprise of pores of only 13 nm in size. Therefore the
impact of capillary pressure is indeed uniquely tied to the pore size distribution of
a given shale formation.
7. The other major factor that influences the magnitude of capillary pressure is fluid
composition. It was found that the initial phase envelope shape and the critical point
pressure and temperature play a significant role in determining the strength of
capillarity.
8. Lastly it was shown that the shift in critical properties due to confinement increases
as the pore size reduces and the fluid components become heavier. Critical property
shifts cause an increase in both oil and gas production.
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8.2 Future Work

1. As a part of reservoir management strategy, the reservoir pressure is often
maintained above the bubble point, so that gas remains dissolved in oil, thus
reducing its viscosity and increasing oil recovery. It was shown that capillarity, on
the other hand, can have a significant positive impact on oil production as the
pressure falls below the reservoir pressure. Since the well density in shale reservoirs
is far greater than in conventional reservoirs, these two seemingly opposite
phenomena, both of which lead to an increase in oil production, can form an
interesting reservoir optimization/management study, so as to maximize oil
recovery from the reservoir. The impact of this phenomena on field development
decisions should be further investigated.
2. It was also shown that the presence of fracture can reduce the influence of capillary
pressure on production. A single porosity/permeability model was used in this
research and thus only hydraulic fractures were considered in the system. In reality,
shale reservoirs are massively fractured. Therefore a more realistic approach
towards describing the influence of capillary pressure would be a multiporosity/permeability model, where capillary pressure is significant only in the
matrix.
3. Water saturation was set to zero in this work. Though this may be a reasonable
approach for Bakken reservoir (Nojabaei, 2012), for some reservoirs it may not be
appropriate. Nojabaei (2014) presented some interested method to extend capillary
pressure calculation in tight pores to 3 phase systems.
4. The impact of heterogeneity was not tested in this work. Since capillary pressure is
a function of both phase densities and pore radius, heterogeneity can have
considerable impact on capillary pressure. This should be investigated further.
5. Since adsorption, osmotic pressure effects and capillarity have all be shown to be
of importance in tight pore in literature, it will be interesting to see the net effect of
all these forces combined, on hydrocarbon production and recovery.
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Appendix A
A. Modified Flash Algorithm to Incorporate Capillary Pressure 3

INPUT
Composition, z
Acentric Factor, w
Critical Temperature and Pressure, Tc
& Pc
Molecular Weights
Interaction Coefficients
Temperature & Pressure

Initialize Po  Pg

Guess K-values
P

 T 
K i  ci exp 5.37 1  wi  1  ci  
P
T 


While not converged
Fugacity Liquid= Fugacity of Vapor

 fi l 
 v
 fi 

k 1

1  

Solve for L in Rachford Rice Equation
using Newton Bisection
z 1  K 
i K i 1  Ki  L  0
i
i

A

B

3

The symbols highlighted in red color are the ones which will have to be modified to incorporate different phase
pressures.
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B

A

Calculate molar fractions liquid ‘x’ &
vapor ‘y’
zi
Ki zi
xi 
, yi 
l  1  l  Ki
l  1  l  Ki

Compute Capillary Pressure
& Pg
    Parachori  xi l  yi v  

Calculate EOS parameters (Peng
Robinson)

Pcap 

2
rp

Pg  Po  Pcap
Apply mixing rule

am   yi y j  ai a j 

1/2
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1  k 
ij
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bm   yi bi

Calculate Compressibility, Z

Z 3  1  B*  uB*  Z 2   A*  wB*2  uB*  uB*2  Z  A* B*  wB*2  wB*3  0
Al * 
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bP
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RT
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Use minimum Gibbs free energy to select
roots

G
  xi ln il  xi ln iv
RT
i
i
G  0  Z v is the physical root
G  0  Z l is the physical root
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4

A

B

Solve for Vapor and Liquid Fugacity




2

bi
A*
 bi
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Solve for Vapor and Liquid phase volumes
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Update K values
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