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ABSTRACT

The main objective of this research is to experimentally asss how capillary condensation
a ects the mechanical and acoustic properties of tight rock In order to do so, a new facility
was built to experimentally investigate the changes in the athanical and acoustic proper-
ties due to capillary condensation. The experimental setpuis capable of the simultaneous
acquisition of coupled stress, strain, resistivity, acotis and ow data. Carbon dioxide was
used as the pore pressure uid in these experiments.

Capillary condensation is the condensation of the gas ingichanopore space at a pres-
sure lower than the bulk dew point pressure as a result of mu#yer adsorption. Capillary
condensation occurs due to the high capillary pressure idsithe small pore throat of uncon-
ventional rocks. This condensation a ects the phase behaviof the pore uid, which in turn
signi cantly impacts hydrocarbon-in-place evaluation ad assessment. Due to condensation,
the mechanical and acoustic properties of the rock may chamgAcoustic properties varia-
tion due to capillary condensation provides us a tool to motar phase change in reservoir
as a result of nano-con nement as well as mapping the area whephase change occurs.
This is particularly important in tight formations where con nement has a strong e ect on
phase behavior that is challenging to measure. Acoustic dagaovides an indirect tool for
this purpose. It can also be used to characterize pore sizetdbution. Theoretical studies
have examined the e ects of capillary condensation, howayeghese ndings have not been
veri ed experimentally.

The main components of the experimental facility are: triaial load cell, pore uid in-
jection system, back pressure system, vacuum system, axaadd con ning pressure system
and a temperature control system. The axial and con ning pisure system is capable of si-
multaneously applying overburden pressure (axial) and igopic horizontal stress (con ning

pressure). The facility can handle stress and pore pressungto 10,000 psi with temperature



up to 100°C. Both top and bottom axial pistons are equipped with 1 MHz resnant frequency
compressional (P) and shear (S) wave transducers. A seriagithl communication protocol
acquires and transfers pressure and syringe volume datanfroump controllers. The system
temperature uctuation of 0.1°C ensures reliable high-quality data due to minimal temper-
ature disturbance since pore volume change due to capillacgndensation and permeability
measurements are very sensitive to temperature changes.

In this research, | conducted a series of experimental intiggtions to study the changes
in the acoustic and geomechanical properties using core gdes from the Diyab and Austin
Chalk formations with and without capillary condensation. Carbon dioxide was used as
the pore uid in these experiments. Nitrogen adsorption expanents were also conducted
to characterize the pore size distribution of the core sanmgs. A grain-contact model was
developed to predict the mechanical and acoustic changestioé samples during the exper-
iments. The model is capable of predicting changes in acogsand mechanical properties
with temperature, phase saturation, frequency, pore pras® and e ective stress. Results of
the model prediction show a good match to the experimental ta

Experimental data on core samples tested from the Austin CHalnd the Diyab forma-
tions show a 5% increase in Young's Modulus as carbon dioxidendensation occurs. This
increase is attributed to the increase in pore stiness as wdensation occurs reinforcing
the grain contact. We also observed a noticeable increaseshear velocity when capillary
condensation occurs. This is because of the con ned uid'swer mobility and higher resis-
tance to shear relative to the gas phase. These geomechan&al acoustic signatures were
observed at around 750-800 psi at 2Z which is lower than the uncon ned CQ bulk dew
point pressure of 977 psi. These experimental ndings aredhrst observation of the signa-
ture of capillary condensation on the acoustic and mechaaicproperties of tight samples.
Therefore, it is recommended to further investigate this ptnomenon in eld-scale and to use

acoustic data as a tool for monitoring condensation duringhe lifecycle of the reservoir.
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CHAPTER 1
INTRODUCTION

Unconventional reservoirs such as tight oil and shale gas rfieations are de ned as tight
rock formations with signi cant quantities of hydrocarbors in place that cannot be eco-
nomically produced by conventional means. Shale gas resesrand production have grown
rapidly with shale reservoirs quickly becoming a major soce of natural gas in the United
States. The Energy Information Administration (EIA) estimates that 345 billion barrels
of recoverable oil and 7,300 trillion cubic feet of recovdrke gas are stored in shale forma-
tions worldwide. This makes shale oil accountable for 9% dadtal (proven and unproven) oll

reserves and shale gas accountable for 32% of total gas re=eI(EIA 2014).
1.1 Shale Properties

Nanodarcy permeabilities, ne grain sizes and complex miredrcompositions impede the
production of these otherwise abundant quantities. The delopment of unconventional re-
sources is supported by new technology and an improved uns@anding of uid transport,
geomechanics, pore characterization and uid-rock intecéions. These physical characteris-
tics complicate conventional ways of estimating hydrocadm in place and make it di cult
to predict reservoir performance. In order to properly estiate hydrocarbon recovery, petro-
physical properties of the shale are combined with reservouid properties to be able to
interpret well logs, estimate hydrocarbon in place and draage areas, evaluate well spacing
and di erent production scenarios as well as predict ultimi recovery.

Shale matrix is characterized by low permeability and veryight pore space. As a result,
it is often a major challenge to characterize and determineope size distribution. Javadpour
et al. (2007) demonstrated that 90% of the 152 shales sampliedm nine North American

reservoirs have a matrix permeability less than 150 nd. In ddion to low permeability, pore



sizes are very small with pore throat diameters typically naging from 0.5 to 100 nm (Nelson
2009; Ambrose et al. 2010; Curtis et al. 2010; Sondergeld et 2010).

The small pore size makes the determination of pore size dibution even more chal-
lenging. Conventional mercury injection would not be ideatince mercury may not be able
to access the pores in the nanoscale range. Intrusion pragsin mercury capillary pressure
experiments on Barnett samples is as high as 60,000 psi (Whitanslates to a minimum pore
size of 3.6 nm). Therefore, NMR and adsorption testing are @e¥able methods to study
shale pore size characterization (Sigal 2013; Wang et al.1&). However, these methods are
typically expensive and require a high level of expertise dog measurement. The accu-
racy of the NMR method is also dependent upon sample preparati. Therefore, a simpler
method for pore size distribution in shales is needed whick one of the focus areas of this

research study.
1.2 Capillary Pressure in Shale

Capillary pressure in shale is very high due to small pore sizExperimental data from the
Bakken shale samples examined by Karimi and Kazemi (2015)oshthat capillary pressure
in shale samples can be as high as 400-600 psi. Since pore isizeery small, capillary
pressure plays a signi cant role in governing uid ow within the pore's con ning space and
its interaction with adjacent uid and rock. This capillarity greatly impacts uid phase
behavior within the nanopores resulting in a large amount dfydrocarbon adsorption (Satik
et al. 1995; Shapiro and Stenby 1997; Li et al. 2014; Li et al026).

Due to high capillary pressure and con ning nanopores, gasthin the tighter sections of
the nanopores condenses into liquid at a pressure lower thiésiusual dew point pressure. On
the other hand, larger pores are occupied with gas. Once cemgdation occurs, a meniscus
immediately forms between the liquid-gas interface creaty an equilibrium between the two
phases. The curvature of the meniscus depends on the inteifd tension and the shape
of the pore. In theory, as gas condenses into liquid, the actic properties of the shale

formation is anticipated to change as the bulk density and ndulus of the uid increase;



however, these e ects have not been studied experimentalpet.

The high capillary pressure in shale signi cantly shifts tle uid's thermodynamic prop-
erties including its phase composition and dew point presgi(Shapiro and Stenby 1996).
The con nement in nanopores changes the uid's critical prperties which a ects phase equi-
librium and behavior (Rowlinson and Widom 1982; Satik et al. 995; Shapiro and Stenby
1997; Esposito et al. 2005; Sing and Williams 2012; Nojabadiad. 2013; Tan and Piri 2015).
This in turn a ects the hydrocarbon-in-place evaluation ofthe formation and production
decline of shale gas reservoirs (Nojabaei et al. 2013). Pratan from nanopores is further
enhanced due to the decrease in bubble point pressure and devint pressures. Didar and
Akkutlu (2013) noticed that as pore size decreases, the critictemperature and pressure of
methane used in their experiment reduced which in turn incesed z-factor and formation
volume factor resulting in the overestimation of GIP.

Since pore size is at the micrometer scale in conventionakegvoirs, capillary conden-
sation does not occur, and the shift in the uid's thermodynanic properties does not take
place. However, the nano-sized gap between grains in shaleates the ideal environment
for capillary condensation to occur which further complidas the phase behavior of the pore
uid. It is important to properly understand these e ects since misinterpreting them could
result in an inaccurate evaluation and wrong interpretatio of reserve and production fore-
cast. Chen et al. (2013) observed that due to condensatiorhe amount of hydrocarbon
in the reservoir is often higher than the initial estimation vithout accounting for capillary

pressure due to capillary condensation.
1.3 E ects of Con nement and Implications

Since the physical behavior of uids in con ned space is dieent from that in bulk, an
improved understanding of the e ects of con nement is impdant in all aspects of exploration
and production (Zarragoicoechea and Kuz 2004; Seigh et al(®).

When dealing with pore diameters at the nanoscale level, moidar size and mean free

paths cannot be ignored. Distances between molecules areréased resulting in larger inter-



molecular forces. As a result, phase behavior of con ned uibecomes not only a function of
uid- uid interaction (as in bulk), but also a function of u id-pore wall interactions. These
forces will be discussed in detail in subsequent chapterstbis thesis.

Theoretical studies have been developed to help improve aumderstanding of capillary
condensation, yet many of them use theoretical models usieguations of state that have
been used for bulk uids (Barsotti et al., 2016). These studgealong with their limitations
are discussed in the literature review section of this thesi It is therefore important to
develop a novel method to experimentally observe and und&sd the e ects of capillary
condensation in unconventional reservoirs.

Developing a new experimental procedure to observe capijlacondensation by studying
the changes in the mechanical and acoustic properties of gales as the conned uids
undergo phase changes is the main objective of our researtidg. When gas condenses into
liquid, the bulk density of the uid increases which would berepresented by an increase in

compressional and shear wave velocities.
1.4 Objectives

The main objective of this study is to investigate the e ect 6 capillary condensation on
the acoustic and mechanical properties of shale formatioasd to validate theoretical models

that demonstrate these e ects. The detailed objectives ohts study are:

1. To design the experimental facility and procedure to ingtigate the changes in mechan-
ical and acoustic properties due to capillary condensatian a wide range of pressure,

stress and temperature.

2. To characterize pore size distribution by studying the abrption potential of the core

samples used.

3. To develop a model for predicting changes in mechanicalcaacoustic properties with

changes in stress, temperature, frequency and condensatio



1.5 Scienti ¢ Contribution of Research

The main scienti ¢ contributions of this research are:

This research provides the theoretical and experimental neation that acoustic mea-
surements can be used as means of detecting the dew point andblile point in the

nanopores of tight formations.

Improving our understanding on how bulk uid properties chage due to con nement

and capillary condensation.

Verifying and improving grain-contact models currently usd that can predict the ef-

fects of capillary condensation on the bulk properties of throck.

Improving hydrocarbon in place estimation for shale gas resvoirs. Accounting for the
condensed gas can signi cantly change hydrocarbon in plaestimation. This could

greatly impact the economic feasibility of project develapent.

Furthermore, this research sheds light on formation charterization with condensation.
This could be implemented in large-scale seismic surveysmtonitor the phase change of uid
in the reservoir and to detect the condensation of gas neardlwellbore. The ndings from
this research can also be utilized to construct a phase diagn/envelope for tight formations
accounting for the e ect of nano-con nement by running a sees of experiments at di erent
temperatures. Finally, studying the acoustic and geomecheal signature as condensation
occurs can be used in assessing the impact to gas ow and trpog in the reservoir as

condensation occurs.
1.6 Organization of Thesis

This thesis is organized as follows:
Chapter 1 introduces capillary condensation, con nementral unconventional reservoir

properties followed by an outline of the objectives and seit c contribution of the research.



Findings from a literature review that are relevant and apptable to the scope of the
research are presented in Chapter 2. Concepts such as adsorp the Kelvin equation,
uid-rock interaction and phase behavior are discussed.

Chapter 3 details how acoustic waves propagate in nanoposmediums as well as intro-
duce equations and method to calculate mechanical propesi from acoustic wave velocities.
In this chapter, a grain contact model is developed to modehé e ects of mechanical and
acoustic properties due to changes in stress, temperatupressure and capillary condensa-
tion. The details of how this model was developed and used ihi$ study are summarized
in this chapter.

Chapter 4 outlines the characterization of the Diyab and Aust Chalk reservoirs and
the properties of the tested samples in this study. Input pameters used in the model are
determined in this chapter.

Experimental investigations are presented in Chapter 5. Ithis chapter, | detail the
recently developed experimental facility and its capabtles. The experimental procedure
used in this study is also outlined in this chapter.

Chapter 6 presents the results and discusses their impligats. The chapter starts by
discussing adsorption results, where pore size distribati was characterized using di erent
methods. Then, | present the mechanical properties of thers@les obtained from tri-axial ex-
periments. The experimental data is validated with my graircontact model results. Results
from capillary condensation experiments are discussed acmimpared with model predictions.

Chapter 7 summarizes the ndings of my research and providescommendations for

future work and practical applications.



CHAPTER 2
LITERATURE REVIEW

Proper understanding of the e ects of uid con nement is of gni cant importance in
many disciplines ranging from catalysis chemistry, geoamestry, nano-materials, material
characterization, adhesion mechanics as well as hydrocambproduction from tight forma-
tions. When working in the mesopore range, the size of moleeslland mean free path cannot
be ignored as is in the case with conventional reservoirs. dances between molecules are de-
creased at this scale due to con nement leading to higher etmolecular forces. As a result,
phase behavior becomes not only a function of uid- uid inteactions, but also a function
of uid-pore wall interactions. The adsorptive and capillay forces alter phase compositions,
boundaries, uid densities, viscosities, saturation praesires and interfacial tensions. This
literature review summarizes the recent ndings from reseeh into capillary condensation

and its application in the petroleum literature.
2.1 Nanopore Con nement

Figure 2.1(a) is from a capillary condensation simulation sty illustrating how uid
molecules are unevenly distributed inside a pore space doeuid-pore wall interaction (Wal-
ton and Quirke, 1989). The density is localized in the con e space with more molecules
near the pore wall. Density here refers to the con ned dengitvhich is the amount of moles
of uid in the pore divided by total pore volume as shown in Figue 2.1(b). As it is evident,
two di erent phases may exist within nanopores and are imptant to study the recovery
process in tight formations.

The rst phase is vapor-like, uncondensed gas, with an avega density 5. While the
second phase is liquid-like, condensed liquid, with an aege density .. The uncondensed
vapor/adsorbed phase consists of molecules that are mostylsorbed on the pore walls

with a de ned density between that of the bulk vapor phase anthe condensed phase. This



adsorbed phase and the bulk vapor phase outside the pore ar¢hermodynamic equilibrium
before capillary condensation occurs. At the point of condseation, the new equilibrium is
in uenced by the condensed phase as well. After transition oars, the condensed phase

replaces the adsorbed phase in equilibrium.
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2.2 Adsorption Isotherm

Adsorption is the adhesion of molecules of gas to a solid sud#a When this occurs, a

layer of Im is formed on the surface referred to as the adsaake as shown in Figure 2.2.

The solid surface here is referred to as the adsorbent. Adsbom is almost always explained

through adsorption isotherms, the amount of adsorbate on ¢hadsorbent in terms of pressure

at a constant temperature.
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Figure 2.2: lllustration for Langmuir and BET adsorption (Shg and Williams 2012).

The most widely used isotherm used to describe adsorption tise Langmuir isotherm

model which applies to gases adsorbed to solid surfaces asdlerived based on statistical

thermodynamics. The model assumes:

No phase transition.

~ A homogenous surface with no interaction between adsorbedlacules.

~ Adsorption occurs equally throughout the surface and only @xmolecule can be ac-

commodated at each adsorption site.

" Only one layer is formed.



Other isotherms such as the BET (Brunauer-Emmett-Teller) heory account for multi-
layer adsorption since monolayer adsorption is a very idéztd concept that does not exist
in nature. BET is used in nitrogen gas adsorption studies to easure pore size distribu-
tion, pore volume and surface area of unconventional reseivcore samples. It can also
be used to characterize the pore structure in conjunction i carbon dioxide adsorption.
BET is essentially an enhanced version of the Langmuir modeith the following additional

assumptions:
" The uppermost layer is in equilibrium with the vapor phase.
" Heat adsorption occurs between the rst and the overlaying Yeer.
" Adsorption occurs in in nite layers.

Capillary condensation data is derived from adsorption isllerms that correlate the
amount of uid adsorbed on a surface to the operating bulk pssure and temperature.
In the mesopore scale, adsorption isotherms tend to be steegrtical curves signifying the
rapid lling of pores associated with capillary condensatin.

Using transparent nano- uidic chips to observe the e ect of pre size on vapor pressure,
Parsa et al. (2015) concluded that uid phase behavior undeon nement di ers greatly from
that of bulk. Unlike conventional reservoirs, shale reseris have both free and adsorbed
gas. The adsorbed gas mainly resides in small kerogen potesdths less than 100 nm) while
free gas is mainly in inorganic matrix pores and microfractes. The Langmuir isotherms
are usually used as the kinetic model to describe the adsamt/desorption of shale gas.
However, these isotherms are used for single component sgseand have to be modi ed to
handle multi-components. The Langmuir isotherm for a singlcomponent is:

_ Lp
p+p

whereV, denotes the amount of adsorbed gas at pressygeV, is the maximum adsorption

(2.1)

a

capacity at a given temperature; ang, is the Langmuir pressure at which the adsorbed gas
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content is Q5V, . Additionally, the Langmuir's model assumes adsorption assaaingle molecule
layer whereas in shale, adsorption is multi-layered due tdv¢ small size and wettability of
nanopores in the kerogen (Li et al. 2013).

Capillary condensation behavior is characterized when vapcondensation occurs below
the vapor saturation pressure of the uid due to con nement.Gelb et al. (1999) concluded
that as pore size decreases, capillary condensation occatrpressures lower than dew point
pressure. The International Union of Pure and Applied Chemisg (IUPAC) has classi ed
six types of adsorption isotherms. The isotherm for capillg condensation is represented
by the type IV isotherm and the Langmuir isotherm is of type | a illustrated in Figure 2.3

below.

mcropores Non-porous

Gcads

Weak substrate

V VI

Weak subgirate Layering

P/P,

Figure 2.3: Classi ed sorption isotherms as de ned by IUPAC (hommes et al. 2015).

Capillary condensation behavior is characterized by the bjeresis of the adsorption-

desorption isotherm due to its multilayer adsorption natue. The shape of the loop depends

11



on pore shape. Multilayer adsorption of the vapor phase intihe rock matrix continues until
the pore space is lled with condensed liquid. Chen et al. (2@) demonstrated this concept
by experimentally proving the existence of capillary condsation within the nanopores of
their shale samples. They concluded that capillary condesitson does occur in the reservoir
depending on pore size and the reservoir's thermodynamicnditions. It is important to
note that both gas and liquid may co-exist in the reservoir &n if only gas is produced.
Acoustic properties of the same formation often change ovente during the lifecycle of the
reservoir. This is attributed to the change in phase behavi®f the reservoir uids. However,
the e ects of this phase change on the acoustic propertieseanot fully understood.

To reiterate, capillary condensation is the phase transin of uid into a condensed phase
due to con nement. This transition manifests itself as a mdilayer adsorption in the tightest
section of the nanopores. Phase transition can occur up togleritical temperature point T,
above which only a single supercritical phase exists (assgn a pure uid phase in bulk).
When dealing with a con ned uid, the condensed phase and theghter adsorbed phase can
be distinguished only up to the pore/con ned critical tempeature Tcp, Which is lower than
Tc (bulk). In uids showing hysteresis behavior in their adsqgption isotherms, there exists a
temperature past which no hysteresis occurs and is de ned astical hysteresis temperature
Th.

Synthetic nano-porous media are used in experimental stedito help improve the under-
standing of the physics governing capillary condensatiof.hese materials are homogeneous
in nature with disconnected pores and uniform pore geometryThe most commonly used
synthetic nano-porous adsorbents are nano-porous silidd€M-41 and SBA-15. They both
contain hexagonally ordered cylindrical pores made of sitin dioxide and can be made with
varying pore sizes. Figure 2.4 illustrates the temperature dendence on a hysteresis loop.
Ty, is less thanTcp, and a decrease in temperature beloW, results in the expansion of the
hysteresis loop (Morishige and Nakamura, 2004). This is alsapported by the experimental

work of Morishige et al. (2014) who observed capillary condeation at a wider range of tem-
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peratures from belowT,, to Tcp for nitrogen, oxygen, argon, ethylene and carbon dioxide in

MCM-41. This was also con rmed by Tanchoux et al. (2004) wholiserved thatT,, decreases

with pore size.
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Figure 2.4: Temperature dependence on hysteresis loop (Mirige and Nakamura 2004).

Gor et al. (2013) compared capillary condensation adsorpt isotherms of n-pentane
in MCM-41 and SBA-15 to experimental and theoretical strainsotherms. Their strain
isotherms for adsorbents during capillary condensation of) a wetting uid and (b) a
non-wetting uid are shown in Figure 2.5. These isotherms arplots of relative pressure
versus strain and are produced by a small angle X-ray scatteg at constant temperature.
After comparing theoretical and experimental isotherms andhding discrepancies, Gor et al.
(2013) observed that capillary condensation changed theastic properties of SBA-15 but
not MCM-41.

They explained this di erence to the presence of microporés SBA-15 although their
SBA-15 sample had more than twice the pore diameter of their M&-41 sample. Therefore,
their ndings were not conclusive on exactly how pore size acts pore wall elasticity during

capillary condensation. Gunther et al. (2008) shed light othis issue by using small angle X-
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ray di raction measurements to show that increased adsorfmn before capillary condensation
causes the pores to expand while capillary condensation sas the pores to contract. This
demonstrates how changes in pore diameter due to adsorpticould a ect the onset of
capillary condensation.

These strain isotherms can also be utilized to show the presss of the uid within
the pores since the strain of the absorbent is correlated tdneé pressure of the enclosed
uid. The ndings by Gor et al. (2013) also demonstrate that alsorbed uid layers before
capillary condensation have a positive pressure (causingpasitive strain or expansion of
the adsorbent). Alternatively, the condensed phase has a raiye pressure (in tension or
contraction of the adsorbent). In their simulation studiesLong et al. (2013) con rmed this
phenomenon and found that pressure in the condensed phases\séways negative in pores

with size greater than 5 molecular diameters of the con neduid.

(a) (b)

Straimn

PP

Figure 2.5: Strain isotherms for adsorbents during capillgrcondensation of a (a) wetting
uid and (b) a non-wetting uid (Gor et al. 2013).

Using Pulsed Field Gradient Nuclear Magnetic Resonance (PFG NMRNaumov et al.
(2008) showed that for cyclohexane in Vycor glass, the hysésis of the adsorption isotherm
occurs in conjunction with hysteresis of the self-di usities. Self-di usivity here refers to
the random microscopic movement of uid molecules as the tds of their thermal energy
exclusively. They attributed this self-di usivity hysteresis to the density di erential of the
pore- lling uid during adsorption and desorption. Due to the pore-blocking e ects that
happen when evaporation occurs through cavitation, self-dsivity was lower during des-
orption. Cavitation is the formation of vapor cavities in liquid as a consequence of forces

acting on the liquid and is dependent on pore geometry as wellhis self-di usivity hys-
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teresis loop behavior compared to that of an adsorption idoérm hysteresis is presented in

Figure 2.6.
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Figure 2.6: Self-di usivity hysteresis compared to that in dsorption isotherm (Naumov et
al. 2008).

Understanding capillary condensation is important for hydscarbon-in-place estimation.
Chen et al. (2013) incorporated adsorption isotherms exhting condensation resulting in
their gas in place estimations to increase by six-folds. Thmpact of di erent compositions on
increasing the total hydrocarbon in place estimation is sk in Figure 2.7. The compositions
of the mixtures with their corresponding dew point are alsch®wn. We could see for instance
that the pressure needed for capillary condensation to oactor mixture M1 is more than
six times higher than that of mixture M6. This means that the ral pressure for M1 in the
formation is also more than six times higher than that of M6 wich explains the increase in

total hydrocarbon estimation.
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Figure 2.7: E ect of composition on reserve estimation due teapillary condensation in
multiple component mixtures (Chen et al. 2013).

It is also worth noting that hydrocarbon in place estimationis very dependent on mean

pore size as shown in Figure 2.8. In this case, mixture M5 wasedsand the di erent lines

correspond to isotherm curves with 5, 10, 20, 40 and 100 nm posize. We can see how

capillary condensation occurs at a signi cantly lower presire in smaller pores with the same

composition.
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Figure 2.8: Hydrocarbon in place estimation dependence on paize (Chen et al. 2013).
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Finally, the new hydrocarbon in place estimates with those a¢hined using a traditional
Langmuir model are compared in Figure 2.9. The blue line rements the estimation when
capillary condensation is accounted for while the straighpink line represents the results
from the traditional Langmuir model. It can be observed thatcapillary condensation occurs
at a pressure lower than the dew point pressure and the hydaton estimate is signi cantly

higher.

g

8

Total Hydrocarbon (scf/ton)

07 o7 o8 o085 09 065 1
P,/P,

Figure 2.9: Comparing HCIP estimation of traditional Langmui model with the new mod-
i ed model accounting for capillary condensation (Chen etla2013).

2.3 Phase Behavior Change

The physical behavior of uids in con ned space greatly di @s from that in the bulk.
The di erence in behavior is attributed to capillary pressue. Typically in porous medium, a
non-zero curvature of the gas-liquid interface results inrpssure di erences between phases
which shifts thermodynamic properties such as phase comgms), bubble and dew point
pressures (Satik et al. 1995; Shapiro and Stenby 1997; Esito et al. 2005; Sing and Williams
2012). This shift is even more dramatic at smaller pore sizé&lharthy et al., 2013).

Due to the tight space and decreased distance between molesuwithin the nanopores,

intermolecular forces are high and phase behavior becomefaction of not only uid- uid
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interactions but also a function of uid-pore wall interacton (Sandoval et al. 2016). These
ndings however, have all been theoretical and have not beeletermined experimentally due
to the challenging nature of small pore size characterizan and the lack of high resolution
measurement tools required. Di erent methodologies haveebn applied in order to model
this phase behavior with capillary pressure in tight con nng pores. These methods include
using di erent Monte Carlo iterations, Quench molecular dpamics, histogram reweighing
method, Landau free energy method, Lattice modeling and dsity functional theory as
discussed by (Li et al. 2014; Ma et al. 2016).

Capillary and adsorptive forces a ect uid densities, criical properties, interfacial ten-
sions, saturation pressures and therefore phase behavidargzona et al. 1987; Gelb et al.
1999; Sangwichien et al. 2002; Monson 2005; Li et al. 2014).isl important to note that
capillary condensation data (not adsorption data) is whats missing for EOS parameteriza-
tion when modeling the e ects of capillary condensation. Adsption, without transitioning
phases, is better understood than capillary condensatioAdsorption-only data neglects the
e ect of surface forces and therefore may not be su cient to mderstand capillary conden-
sation.

Sandoval et al. (2016) developed a multi-component algdnih that is able to calculate
phase envelopes in the presence of capillary pressure. lused as tool to study the e ect of
capillary pressure on the phase envelope based on compositand capillary radius. They
observed changes in saturation pressure due to capillaryegsure. The ndings of Sandoval
et al. (2016) on how capillary condensation a ects phase batior are illustrated in Fig-
ure 2.10. The dashed line represents the modi ed phase emops due to capillary pressure
di erence while the solid lines represent the normal envgdes in the gure. Three di erent
C,-C4 composition mixtures were used in the feed. This shift is egpted to be more signif-
icant when the pore size is very small. The reduced bubble pbiand dew point pressures
often enhance hydrocarbon production from these nanoporésmbrose et al. 2010; Didar

and Akkutlu 2013; Nojabaei et al. 2013).
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Figure 2.10: Phase envelope at di erent feed compositionsttvi(dashed line) and without
capillary condensation (solid line) (Sandoval et al. 2016)

Alharthy et al. (2013) constructed phase diagrams using newoelations to shift the
critical properties of components in the nano scale. The dérence in the con ned and
uncon ned phase envelopes of dry gas using associated datrens is shown in Figure 2.11.
They used the Peng-Robinson EOS to generate the uncon ned neophase envelope. The
con ned envelope used the new shifted critical propertiehat accounts for pore con nement
e ects. Once again, we see that the e ect of con nement is thehrinking of the phase
envelope.

Using a coupled geomechanical and pore con nement model, Xget al. (2014) observed
that increasing e ective stress further increased the e @cof con nement on suppressing
the bubble point pressure for Bakken oil as shown in Figure 21 Without accounting
for con nement, bubble point pressure remains constant wit changes to e ective stress.
Whereas when pore con nement is taken into account, the bubdblpoint decreases with

increased e ective stress as a result of smaller pore throsize and larger capillary pressure.
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Figure 2.11: Phase envelope changes due to con nement (AlHartet al. 2013).
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Figure 2.12: Bubble point suppression e ect due to con nemerfXiong et al. 2014).
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Teklu et al. (2014) modi ed their conventional vapor/liquid equilibrium calculations to
account for capillary pressure and shift in the critical prperties in nanopores to study
the phase behavior in unconventional reservoirs. Figure 3.5hows the phase envelope shift
when accounting for con nement. The solid lines representé shift when accounting for only
shifts in critical properties, whereas the dashed lines regsent the combined e ect of critical
properties shift and capillary pressure. They observed thahe bubble point dramatically

decreases when accounting for both capillary pressure arffi®d critical properties.
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Figure 2.13: Shift in phase envelope due to con nement by aagting for capillary pressure
and the shift in the uid's critical properties (Teklu et al. 2014).

2.4 E ect of Capillary Condensation on Mass Transport

It is important to note that in reservoirs with low permeabilty, wells are usually in
transient ow for a very long time which is another reason whyetting an accurate estimate
of hydrocarbon in place is important. Ambrose et al. (2010) sb observed that in reservoirs
where there is a signi cant sorbed-phase component, the hyatarbon in place has been often
over-estimated due to a lack of material and voidage replaoent ratio in the gas-in-place

calculations. Many studies have focused on uid transporni nanopores and have been used
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to understand the complex ow of gas in nanopores (Roy et al0R3; Javadpour et al. 2007;
Civan et al. 2011; Fathi and Akkutlu 2011; Gouth et al. 2013; Rananian et al. 2012; Umeda
et al. 2014; Zhang et al. 2014).

As gas condenses in the tighter sections of the rock, the heavliquid component will
constrict the size of the pore throat accessible to gas ow éneby reducing the ow of gas
across it. This phenomenon, however, has not been experiray veri ed.

Capillary condensation in the pore throat a ects uid ow and transport at the pore scale
due to the relatively low mobility of the condensed uid. Bui & al. (2016) suggested that due
to capillary condensation, the transport of the uid in the nanopores involve the simultaneous
evaporation and condensation at the gas-oil interface. Thenumerical model showed that
the ow of gas along the pore is signi cantly reduced due to gallary condensation because

of the higher mobility of the liquid phase inside the pore tloat.
2.5 Impact of Rock-Fluid Interaction on Acoustic Properties

The acquisition of rock mechanical properties is often a@ied by seismic measurements.
The interpretation of seismic data for unconventional reseoir is rather more complex than
that for conventional reservoir because of the new uids inbduced to the formation during
hydraulic fracturing. During hydraulic fracturing a larger volume of water is injected to
formation, typically from 1000 to 5000 scf/ft. The injected uids interact with not only
formation uids but also with the sale matrix alternating the mechanical behavior of rock
a ecting it deformation and failure as well as hydrocarbon&covery.

Due to the small grain size and the strong surface electrocheal properties of shale
grains, the e ect of uid on mechanical properties and defanation of shales is more signi -
cant than for unconventional reservoir. This explains whyhese properties are signi cantly
changed when dierent uids are introduced. Acoustic logs nmesure the mechanical and
acoustic properties of rocks at approximately 20 KHz. Most nasurements are carried out
at ultrasonic frequencies ¥> 1 MHz), while low frequency (static) properties that may be

relevant to the fracturing process. An interpretation procss is used to obtain static proper-
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ties from dynamic log data. It is, therefore, important to exrapolate mechanical properties
from sonic data. Hence, the interpretation of acoustic dataaeds the understanding of the
factors that control the propagation of acoustic waves in stes.

Contrasted to the low strain-rate experiments of static meaurement in geomechanics
laboratory, dynamic data from acoustic measurement deperah several factors that a ect
the propagation of energy. When acoustic waves propagate tlugh a porous medium, the
high frequency vibration of the transmitter creates the ositatory motion of solid grain and
the uid in the pore space. Under rapidly oscillating deformaons, the pore uids do not
have su cient time to ow into low pressure regions and therdore the rock will act as if
it is unrelaxed or undrained. This means that the medium wilbehave sti er in the unre-
laxed state resulting velocity dispersion (Winkler 1983; Myphy 1984). On the other hand,
if time is su cient for uid pressure to reach equilibrium, t hen the relaxed properties are
measured as in with low frequency measurements. The behawbd porous media under high
frequency deformation depends on not only its uid and rock noperties such as mechanical
properties, porosity, permeability, saturation, minerabgy, pore structures, density and vis-
cosity but also on external parameters such as stress, temaieire, and pore pressure. More
importantly for shale, the electrochemical characterists of the uids inside the pore space
have a considerable e ect.

Porosity, permeability, and uid saturation are the most important petrophysical prop-
erties controlling the acoustic behavior of rocks. Attenu#éons and acoustic velocities are
in uenced by both porosity and permeability. Increasing pwmsity reduces the bulk density
of rock and results in an increase in acoustic velocities. fAgeability determines the mobility
of the uid in the pore space; hence it controls velocity. Peneability is often promotional
to porosity and has the similar e ect on velocities.

Dry velocities and attenuations are signi cantly di erent from saturated velocities in all
rocks. In liquid saturated rocks, compressional and sheaglecities and attenuations strongly

depend on frequency. Velocities are commonly observed toligher in dry rocks than they
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are in partially-saturated rocks. With the presence of claythe considerable variation in
velocity at very low saturations was explained by Clark et al (1980) as the result of the
dehydration and sti ening of clay minerals in contact with the grains. Absorbed water
reduces the surface free energy of the rock minerals and @ases the free energy resulting
in lower elastic modulus and lower velocities. Heterogengiand anisotropy of rocks also
have a signi cant e ect on the measured velocities and atterations. The elastic anisotropy
decreases with increasing stress and is dominated by the doned e ects of micro-cracks
and mineral grain orientation.

In shale, the bedding planes and the orientation of cracks ool the anisotropy. The
anisotropy of acoustic properties of rock is the result ofasdtic anisotropy and permeability
anisotropy. In addition, pore geometry and grain size alsoext attenuation and acoustic
velocities. Attenuation typically increases with the deaase of grain size, especially for
sand. There are two principal sources of dissipation from ids in rocks. The rst source
is the hydrodynamic e ect associated with bulk uid ow depending on the crack and pore
geometry. The other source is an e ect associated with uidand depends on the chemistry
of the adsorbate and the host.

Along with petrophysical properties, the external paramets controlling the mechanical
properties of rocks are the e ective pressure, con ning sss, pore pressure, temperature,
strain, and strain rate. Acoustic velocities increase sigoantly with increasing stress be-
cause of the closure of cracks and pore space in shale. Thesmerable in-crease in com-
pressional velocity in fully saturated rocks is observedubonly a small increase is observed
in shear velocity. The e ect of con ning stress on velocitig is a result the deformation of
micro-cracks and loose grain contacts, which are the mostrapliant parts of the pore space.
Hence, con ning stress increases the sti ness of the rock, wh in uences its e ective bulk
and shear moduli and is responsible for the higher velocgi@bserved. The dependence on
pore pressure is due to the same reasons as the pressure daégace of velocity, which is the

closure of micro-cracks in the rock. The closure of cracksdiees the permeability of the
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rock and hence reducing the mobility of uid in the medium.

For dry rocks, the rate of change with con ning pressure is gater than for saturated
rocks. Pore pressure prevents the closing of cracks and graiontacts, thus leading to
lower e ective moduli and velocities under the same con nig. Peselnick and Outerbridge
(1961), Winkler and Nur (1979) and Tittmann et al. (1980) showe that attenuation in rocks
generally increases with increasing strains above a certairitical strain value. In addition,
the e ect of strain amplitude becomes less pronounced as tleeective stress on the rock is
increased Winkler and Nur (1979). As pressure increases, theidiQrium separation distance
between the asperities decreases as a result of deformatoi the uid at the grain contacts
is squeezed out to the bulk pore space (Palmer and Travioli®80; Mavko 1979; Murphy
et al. 1986; Tutuncu and Sharma 1992). The rate of deformatip strain rate, also has a
signi cant e ect on the mechanical and acoustic response athale. Shale behaves stier
under higher rate of deformation.

The dependence of temperature on shale mechanical propestiin saturated rocks has
the contribution of the temperature dependence of viscogitA reduction in viscosity reduces
the rigidity of the rock and correspondingly its velocities Temperature also strongly a ects
the electrochemical properties of the contact region betee uid and rock grains, hence,
a ecting the deformation and failure characteristic of shke.

The reduction of acoustic velocities when uid is introduce to the pore space is originally
explained as the result of bulk density alteration. Howevervhen the same rock sample is
saturated with uids of similar densities and viscositiesthe variations observed in velocities
and attenuations can no longer be explained by the density drence (Spencer 1981; King
1965). Such velocity decreases because of the reductionhia sti ness of the rock matrix due
to surface interactions between the rock and the pore uid (Mrphy et al. 1984; Tittmann
et al. 1984; Tutuncu and Sharma 1992). There is a large di emee in the e ect of polar
uids and non-polar uids. Tutuncu (1992) showed that uids with the same density and

viscosity have di erent e ects on acoustic properties of roks due to the di erence in chemical,
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electrochemical and dielectric properties.

Bui and Tutuncu (2015) used the grain contact model explainkto model the e ect of
capillary condensation on the acoustic and geomechanicabperties of shale. To account
for the e ect of stress, grain deformation and separation giance between two grains are
calculated. It was observed that separation distance beter grains decreased under higher
external stress thereby reducing the mobility of the enclesl uid. This results in higher gap

sti ness and higher acoustic wave velocities.
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CHAPTER 3
WAVE PROPAGATION IN TIGHT FORMATION AND MODEL DEVELOPMENT

In this chapter, the fundamentals of wave propagation in tigt formations is discussed. A
theoretical model was developed to evaluate changes in asticiand mechanical properties
of a tight sample with changes in stress, frequency, tempéunge, pressure and condensation.

The factors that a ect change in wave propagation are also sicussed.
3.1 Acoustic Velocity Modeling

Acoustic waves are elastic waves that travel through a mediu@nd are re ected or re-
fracted at interfaces where seismic velocities or bulk détiss change. These acoustic/seismic
waves are a ected by rock density and uid saturation. Denserocks typically have faster
compressive velocity. When an ultrasonic wave encountersstécles such as fractures and
cracks, ultrasonic attenuation will occur which is signi € by a decrease in wave velocity or
amplitude. Factors such as porosity, elasticity modulus a@hstress a ect the transmission of
these waves. Acoustic wave velocity also decreases when thirsting uid (oil or water)
is replaced by gas. The two main wave types typically used iregmechanical laboratory
investigations are primary (P) and secondary (S) waves.

P-waves are compressive waves that travel in a straight literough a medium and are

the rst to arrive. Primary wave velocity can be calculated fom:

v
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whereK is the bulk modulus; , is bulk density; G is the shear modulus; and is Lame's
coe cient.
The bulk modulus K relates volumetric strain to average stress and can be cdlaied

from:
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K= +5G (3.2)

Young's Modulus ) is another important modulus which is the ratio of applied sess to
corresponding strain in same direction. Poisson's Ratio ) is the ratio of lateral expansion
to axial strain.

S-waves are shear waves that oscillate the rock grains in tbgection perpendicular to

the direction of wave propagation. Secondary wave velocigan be calculated from:

S
G
b

V, = (3.3)

Shear waves are always slower than primary waves. Studyingaoges in shear wave
velocities can shed light on rock properties such as fracaudensity and orientation. Shear
wave travel time data can be used to estimate the mechanicalgperties of the rock using
sonic and seismic logs. These compressional/acoustic vaeee heavily in uenced by uid
saturation. Petrophysicists often use the ratio of compre®nal to shear wave velocity,=\Vs
to identify uid types. As hydrocarbon saturation increases compressional wave velocity
decreases while shear wave velocity increases which makes \,=\; change even more
pronounced.

Seismic methods are used in reservoir engineering to pre@iod evaluate uid producing
zones, map porosity and permeability, detect fractures, di#ts and abnormal stress zones as
well as monitor the e ects of production/injection operatons. This can be done by relating
acoustic impedance from the seismic data to petrophysicatgperties such as saturation,
porosity and permeability. This conversion can only be madpossible by establishing a
methodology that enables the accurate extrapolation of aastic and mechanical properties
from one to another.

Wang et al. (2016) found that compressional velocities weggeatly reduced by carbon
dioxide ooding in conventional rocks. This was especiallyoticeable at high pore pressures.

The velocity decrease was dependent mainly on temperatueeective pressure and porosity.
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Shear wave velocities were less a ected by carbon dioxideoding. Their aim was to enhance
EOR monitoring capabilities in carbon dioxide injection oprations by mapping the changes
in seismic velocities. This is explained by the fact that igjcted carbon dioxide increases
compressibility of the rock and alters its density based onqgoe pressure. Increased pore
pressure increases carbon dioxide density as well as keepsep and cracks open nullifying
some of the e ects of con ning pressure. These changes a esfave propagation through

the rocks. The relationship between compressional wave oeity and pressure at di erent

temperatures is shown in Figure 3.1.
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Figure 3.1: Compressional wave velocity as a function of psese and temperature (Wang
et al. 2016).

Wang et al. (2016) observed that velocity is slow and a weakrfation of pressure when

temperature is above the critical temperature. However, vetity is very much dependent on
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phase behavior at temperatures below the critical temperate. When carbon dioxide is in
the liquid phase, velocity increases signi cantly with inbeased pore pressure.

Wang et al. (2016) concluded that carbon dioxide ooding reated compressional wave
velocity by 4-11% in well-consolidated sandstones and by nreathan 25% in unconsolidated
sandstones as shown in Figure 3.2 for Berea Sandstone 6 witl@2forosity. Another im-
portant observation they made was that increased porosityetreased the carbon dioxide

ooding e ect in well-consolidated sandstones due to the oreased uid content and density

of the rock.
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Figure 3.2: Compressional and shear wave velocity behaviditioe Berea Sandstone 6 (Wang
et al. 2016).
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3.2 Grain Contact Model

Fluid-rock interaction at the grain contacts is an important variable that a ects the
thickness of the inter-granular pore and is responsible feelocity dispersion and attenua-
tion. Interpretation of ultrasonic velocity readings ,conpressional and shear, can also give
us insight into the rock's mechanical properties such as dgmic Young's Modulus and Pois-
son's Ratio. Shear wave interpretation can also help in assing the anisotropy of the core
sample. When combined with bulk density data, acoustic veldg can provide us with the
formation's dynamic moduli. However, for this to happen, it$ critical to understand the
relationship between dynamic and static moduli, rock stregth and rock- uid interaction.
As condensation occurs, the smaller pores are lled with ligdi whereas the larger pores are

lled with gas. An illustration of the porous media in shales$ shown in Figure 3.3.

[7] oil [ ]Gas [ Rock grains

Figure 3.3: Schematic illustration of porous media in shaleithh condensation. Gas is con-
densed into liquid in the smaller pores while gas remains ihe larger pores (Bui et al. 2016).

The simpli ed grain model helps us better understand the irdrmolecular surface forces
at the nanoscale level, which is important to interpret the ects of these forces on the
mechanical properties of the rock. Accounting these forcearchelp to better model the
e ects of stress, pressure, temperature and frequency oretlacoustic properties of the rock.
The e ect of stress is calculated from the separation distme between two grains. This

distance is decreased under higher external stress thusueithg the enclosed uid's mobility.
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This results in higher gap sti ness and higher wave velocés. These acoustic properties are
frequency-dependent and are a function of the speed that theid can leave the contact
region. It is reported that high frequency wave propagatiors in uenced by scattering and
uid-solid interactions at the grain contact region (Spener 1981; Murphy 1982; Winkler
1983; Murphy 1984; Winkler 1985; Tutuncu 1992). The equilibrm separation distance
between the grains decreases as more external stress appba the grains (Mavko 1979;
Palmer and Traviolia 1980; Murphy et al. 1986; Tutuncu and Sdrma 1992).

In compressional waves, particle motion is in the directioof wave propagation whereas
in shear waves, particle motion is perpendicular to the diotion of wave propagation. The
acoustic velocity of these waves is governed by stress, dithgy, rock mechanics, pore uid
properties and saturation, temperature, diagenesis as wel the frequency and amplitude
of the wave (Wyllie et al. 1956; Tutuncu et al. 1993; Liu et al. 994).

E ective stress has a high impact on acoustic and mechanicaroperties. Eberhart-
Phillips et al. (1989) investigated the e ect of e ective stess on acoustic velocity and
developed a correlation to de ne e ective stress as a funaim of velocity. They developed this
equation using a number of medium to high permeability santtse samples including tight
sandstones. Bowers (1995) and Shapiro (2003) developed tlusvn correlations. However,
these equations are sometime not applicable for organichi shale formations since they
do not take into account TOC (Total Organic Carbon), uid composition or formation
lamination orientation. Algahtani (2015) developed a coriation describing the dependence
of compressional velocity on stress, rock composition, TQ&ck lamination as well as uid
composition using the Eagle Ford Shale data.

In this study, the grain contact model is used to evaluate the ect of capillary conden-
sation on the mechanical properties of the rock. The modellps in explaining the e ect of
stress, frequency, pressure and temperature on the geonaathbal properties of the rock. The
porous medium is modeled as a number of grains in contact wigach other. These spherical

grains are elastic and exhibit deformation at their contactireas. At reservoir conditions,
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the gaps between the grains are lled with uid (gas or oil depnding on the thickness of the
pore throat and the uid properties). As shown in Figure 3.4, amall portion of the gap is

lled with liquid for a small contact distance while the restis lled with gas.
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Figure 3.4: Oil and gas distribution at grain contact (Bui et & 2016).

The e ect of stress is incorporated by the calculation of gia deformation and the sepa-
ration distance between two grains. The separation distaadetween grains is reduced under
increased external stress, thereby reducing the mobilityf the uid in the gap. This results
in higher gap sti ness and acoustic wave velocities. The spe at which the uid can escape
from the contact region dictates the frequency dependencétbe acoustic properties of the
formation (Spencer 1981; Murphy 1982, 1984; Winkler 1983,88 Tutuncu 1992; Tutuncu
and Sharma 1992; Bui and Tutuncu 2014).

When subjected to high-frequency rapidly oscillating loadsthe uid does not have
enough time to ow into low-pressure regions and the rock wilact as if it is unrelaxed
yielding in higher gap sti ness. Alternatively, if su cient time is allowed for the uid pres-
sure to reach equilibrium, the rock is relaxed and behavesf®s. The grain contact model
uses separation distance to account for the e ect of uid typ on the acoustic response of the
uid-grain system. When the same rock sample is saturated wita uid of similar density

and properties, signi cant variations are observed with Jecity readings and attenuations
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(King 1966; Spencer 1981; Tutuncu 1992). These variationseadue to the change in surface
forces and uid-grain interactions (Tittmann et al. 1980; Murphy 1984; Tutuncu and Sharma
1992).

Before elaborating further on uid-pore wall interactions it is rstimportant to introduce

some surface chemistry fundamentals that will be used in daming contact behavior.

" Disjoining pressure is the pressure dependence of the iatetion between two surfaces.
Furthermore, it is the pressure due to the attractive forcedetween two surfaces di-
vided by the area of the surfaces. It is seen as the sum of mplé intermolecular
interactions including dispersion forces, electrostatitorces, structural e ects of the
uid and adsorption. In the case of two parallel at surfacesthe disjoining pressure

can be calculated as the derivative of the Gibbs energy diwd by the surface area.

Gibbs free energy is a thermodynamic potential that is useatcalculate the maximum
reversible amount of work that can be performed by an isobafisothermal thermody-

namic system.

In order to account for uid-pore interactions, the pressue di erence between the con-
ned and bulk phases has to be taken into consideration in théorm of capillary pressure
or disjoining pressure. Prior to the occurrence of capillgrcondensation, disjoining pressure
is the sole form of interfacial pressure between the adsodbtayers and the vapor phase
occupying the pore. The multilayers of adsorbed uid will egntually converge indicating
the occurrence of capillary condensation once the adsorbéd reaches its limit of stability.
This will cause the center of the pore to be lled with the condnsed phase separating it
from the bulk vapor at the pore throat with a meniscus.

Once an equilibrium is reached between the bulk vapor and tleendensed uid, capillary
pressure can be de ned as the di erence in pressure acros® theparating meniscus. Even
after capillary condensation takes place, there will stitbe layers of uid adsorbed on the pore

wall signifying that a disjoining pressure still exists. Hoaver, it now represents the pressure
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di erence between the condensed phase and the adsorbed fayelt is usually assumed to
be negligible in comparison to capillary pressure in contamechanics modeling.
The equation for capillary pressure is derived from the YougnalLaplace equation and is

shown in Equation 3.4 in the case of a cylindrical pore.

2
Pc= Pw Pw = r—cosC (3.4)
p

wherep,, is the pressure of the non-wetting phaseg, is the pressure of the wetting phase;
is the interfacial tension between the two phases; is the contact angle of the meniscus

with the pore wall andr, is the pore radius.
3.3 Critical Radius Determination

Gas generally condenses into liquid if gas pressure is eqt@lor greater than its dew
point pressure (which is lower than that of uncon ned liquidas discussed above). The
Kelvin equation, rst derived in 1871, is used to determinefigas in the pores with a radius
r will condense to liquid based on its pressure (Thomson 1§71To account for the e ects
on nanopores in the case of capillary condensation, the Yahaplace equation is used in
the vapor-liquid equilibria (VLE). Equation 3.5 is rearranged to obtain an equation for the
critical pore radius at which condensation will occur.

2V cos;.

re= ———pg- (3.5)
RyT |n(p—9)
d

whereRy is the universal gas constantp, is gas pressurepq is dew point/saturation pressure
and Vv Iis the liquid molar volume.

It can be concluded from the Equation 3.5 that at pressungy, smaller gaps with interfacial
radii smaller than the critical radius are lled with liquid while the larger ones are lled with
gas. Hence, by changing the pressure of the uid, we can causetain pore sizes to condense.
The diameter of the condensed pore can be determined form taquation above while the
volume of the condensed pore can be determined by using admusorrelations developed

by Bui and Tutuncu (2015). Using this concept, pore size chacterization of the sample can
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be made possible.

This equation has been extensively used in both theoreticahd experimental modeling
to be able to describe capillary condensation mathematidgl In addition to predicting the
occurrence of capillary condensation, it can also be usedtire evaluation of pore size, pore
size distribution, the thickness of the adsorbed layers aniw analyze the forces that are
exerted on the adsorbent by condensates. However, there ammg limitations with the

Kelvin equation:
The Kelvin equation is recommended for single component sgss.
It assumes an incompressible liquid phase and an ideal vapdrase in large pore spaces.

The equation is used with the assumption that surface tensicend molar density are

not dependent on pore radius.
It does not account for adsorbed phases or the uid-pore wdtbrces that causes them.

It has also been determined that the accuracy of the Kelvin eqtion is reduced when
the interfacial radius is smaller than 7.5 nm (Walton and Quke, 1989). The discrep-
ancy between capillary pressure obtained from GCMC (Grandddonical Monte Carlo)

simulation results, experimental data. These limitationsgre shown in Figure 3.5.

The accuracy of the equation when used in hysteresis isothes is based on whether

the true equilibrium branch is selected in the calculations
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Figure 3.5: Limitation of Kelvin equation below 7.5 nm compad to experimental and
simulation results (Walton and Quirke 1989).

Despite the limitations of the Kelvin equation, Chen et al. 2013) were able to incorporate
a multicomponent version on the equation using gas compasit from a Marcellus well and
pore size distribution in a hypothetical shale to estimatethte gas in place. To rst validate
their modi ed multicomponent equation, they used their egation to a single-component
uid (hexane) and compared it with results obtained using tle traditional Kelvin equation.
This comparison and the minor discrepancy observed is due tbet fact that the Kelvin
equation used the ideal gas law while their modi ed equationsed real gas EOS to predict

pressure more accurately at higher pressures as shown in Fe3.6.
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Figure 3.6: Pore size dependence on pressure validation (Glet al. 2013).

3.4 Mathematical Formulation

Acoustic logs and seismic data are used to characterize thenfation's geomechanical
properties, porosity, permeability to further improve eld development. Time-dependent
measurements (4D seismic) can capture changes that occuridg the lifetime of the reser-
voir. Wave propagation in shales with complex structures pwvide detailed information on
geomechanical properties, anisotropy as well as rock- uidteraction. Geomechanical prop-
erties are strongly dependent on pore pressure and the regars thermodynamic conditions
as well as the presence of natural fractures.

Acoustic waves traveling through a rock- uid system generat an oscillatory squeezing
action on the pore uid between the grains. The uid within the pore space introduces
viscoelasticity into the system (Murphy et al. 1986). Murply also deduced that tangential
sti ness is not a ected by the existence of uid in the pore spce and therefore introduced gap
sti ness to account for it. This gap sti ness is responsibldor the saturation and frequency
dependence of the wave velocities and attenuations in therfmation. The normal gap sti ness
is the summation of dry matrix sti ness and the gap sti ness.In order to model this, the
bulk material is assumed to be a Zener viscoelastic materialhe e ective normal sti ness

and tangential sti ness of the rock are represented by:
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kn;eff = kn;m + ngap(! ) (3.6)

kt;eff = kt;m (3-7)

wherek,n» andk;, are the normal and tangential sti ness of the dry matrix;kgyap is the gap
stiness and X is a factor representing the density number of dissipativeootacts (estimated
to be 0.001) (O'Connell and Budiansky 1974; Murphy et al. 183 Tutuncu 1992).

Through contact deformation, matrix tangential normal andtangential sti ness are cal-

culated as
12 R 4
Knm = Cnm sz §Vsz (3.8)
24 R 1
kim = =" Vg W (3.9)

where R is the radius of the grains; ., is the matrix density and C, is the coordination
number (number of grains contacting a single grain).

In order to determine gap sti ness as a function of frequencyhe equation of squirt ow
between two sinusoidal moving disks (as shown in Figure 3.7)tivan angular frequency of

I =2 f has to be solved (Murphy et al. 1986; Tutuncu 1992; Gurevich al. 2010).

Ahexp(iwt)

Figure 3.7: Squirt ow between two sinusoidal moving disks.
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The equation of pressure can be obtained by solving the Nawgtokes equation in cylin-
drical coordinates. For the squirt ow between parallel pltes:

Continuity equation:

r [u]l=0 (3.10)
Navier-Stokes equation:
Du >
— = + r 3.11
5= oPr g riu (3.12)
where D is material derivative of uid velocity vector u; p is uid pressure; is uid

viscosity; is uid density.

In cylindrical coordinates, the continuity equation and Naier-Stokes equation can be
written as

Continuity equation:

1@ 1Q@u, @u _
re* e e’ 812

r-component:

@u,  @Qu u@u v _ @i _ @p
r

-component:
@J+ Ur@'*' U_@U ur u +Uz@ = }@p+ g +
@t @ r @ r @ r @
l@ @u U_+1@u 2@y, @u
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Z-component:

@u, @u u@u  @u _ @ .
@t @r r @ @z @z
1@ @g Ur+1@uz+@uz

rer "er 2 e o

(3.15)

Since the displacement amplitude is small and the gap betwethe grains is very narrow
compared to the contact width, Murphy et al. (1986) linearizé sectional volume to a 1-D

equation as

@W_ 1 @p 4\ (3.16)

@t Lo @r

and

@h h, @p @W_ W

@t Ky @t @r T (3.17)

12 2
h3 is viscous resistance;, = P is inertia.
(o]
Di erentiating both sides of Equation 3.17 with respect tot yields
@, k6 h @G, @ QW _ @ W 1@W

whereW = hgr is volumetric ow rate; D, =

@ ' K,@ @ @ = @ r | 1at (5:19)
Substituting %t from Equation 3.16 into Equation 3.18 yields
@h h@ @ 1@p 1 _ 1 1 @p
@ K.@ orLer L T 7 L e Y 519
Multiplying both size of Equation 3.19 byL , yields
@h o @p @ @p _ Ly 1 @p
@h he @p @p @W_ 1@p, D
@h ho @p @p l@p W @w
Logt* k@t @ rer 2 e (522
. . @W W _ @h h @p
From Equation 3.17, we obtaln@ + - = @t @t hence
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@h h @ @p 1@p @h_ h, @p
@ Kw@ D.o@p Ku @p Ky Lo@h +p,@" (3.24)

@ hl,@ L,@t rhel,@ hl, ‘@ ‘@t
When an acoustic wave propagates through rock and uid in theamtact region, the

pressurep(r;t) and the separationh (r) in sinusoidal loading have the form

8 _
<p(rt) = pet

“h(r)= he"

The rst and second derivatives of pressurg(r;t) and separation distanceh (r) are

(3.25)

calculated as

@@P(r;t): i'p

%p(r;th I 2p

@ \_ .
@?(r) =i h
@ _ 2
@h (r)y= 1'% nh
Substituting this into Equation 3.24, we obtain

@p,1@p , 12 _,12 (3.27)

@? r@r .Kfluidh%p_ h3

where is the viscosity of the gap uid; r is the radial position; h is the amplitude of

(3.26)

* VWY /ANRRRRARK/ ©O

oscillation; Kyyig is the bulk modulus of saturated uid and h, is the initial separation

distance.

In order to calculate this initial separation distance, we &ve to solve the equation of

balance of surface forces as
Plr=a= P = Py Pc (3.28)

wherepy is the gas pressurey. is the capillary pressure which is calculated from the conta

radius rg:
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_ 2 cos ¢

C rc

(3.29)

The Navier-Stokes equation is then converted into a homogemes Bessel equation of zero

Ktug h

order by introducing a new variable = p . The conversion yields the solution

ho
= CJo( r) (Bui and Tutuncu 2014). The solution of Equation 3.27 is:
Kfuig h
p=Clo( 1)+~ (3.30)
[0}
whereJ, is the zeroth order Bessel function and? = il K ! 2 is the wavenumber.C, the
fluid g
integral constant can be calculated from the boundary contitn:
Kfisiga  h
co P The ke Kiua h (3.31)
Jo( @) Jo(r)  hodo) @)
Pressure in the gap is obtained as
Jo(r) | Kuuia b Jo( 1)
= + 1 3.32

The acoustic force applied on the solid particle correspoingdy to the displacement ( h)

by the uid is obtained by:

a

2 Jo(kr) | Kpug h Jo( 1)
F = A = + 1 2 .
0 pd ) (Pg  Pc) 3,(ka) he ) rdr (3.33)
This can be simpli ed to obtain:
Jo(a) | Ksug h Jo( @)
F= a? = 1 3.34
B PSa) " The  aa) &30
Gap sti ness can then be calculated using:
F (Pg  Pe) Kfwg h Jo( Q)
Kgap() = —— = a? ~——_——= + 1 :
gap(! ) = a h J(a) h ) (3.35)

If the sample is saturated with a single uid only, the capilary pressure is reduced to O.
Pressure of the saturated sample can be used. E ective compsional M) and shear G)

moduli are obtained from Winkler (1983) as follows
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31 )G, 2

— 2
1 )C 3
G= V52 = TRn kn + ékt (337)

3.5 Determination of Contact Radius and Separation Distance

Grains are assumed to be in direct contact in the original Hextcontact theory and
therefore it does not take surface forces into account. Mump (1982) concluded that a gap
exists between the grains. The determination of separatiatistance and deformation based
on thermodynamic balance are of crucial importance and shdwe incorporated in the grain
contact model. Tutuncu (1992) developed a method to calcutathis separation distance
using a balance of surface and external forces that exhildt@ good match to experimental
data. This allows modeling the e ects of uid type and electochemical properties on the
geomechanical properties of the rock.

Since two phases are present in di erent parts of the gap, thiurther complicates the cal-
culation of surface forces and surface energy. Surface &xrinclude electrostatic, structural
and Born repulsive forces and Van der Waals attractive foree All external forces should be
balanced by the total internal force when the system is in edibrium. Equilibrium separa-
tion distance is de ned as the distance between two spherlograin surfaces when the total
surface force is equal to the external force. This balance safrface forces is represented by

Equation 3.38
H= U+ Ug+ pV= Us+ U+ F, (3.38)

where H is the change in enthalpy; Us is the change in surface energy between two
spheres; Ug is the change in elastic energy of two spheres in contact.

The change in internal energy is the result of changes in bogiate of strain of the grains
and the compression of the uid between he two grains. The pdoct of F, (external force)

and (distance moved) represents volumetric work. Enthalpy is mimized at equilibrium:
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The rst term represents total surface force, the second ter represents the applied force,

and the third term becomes zero since both, and are independent fromh. This simpli es

the Equation 3.34 to

Fo = Fis(ho; ) (3.40)

whereF, is the applied forcejF is total surface force which is evaluated at the equilibrium
distance of separationh, and a deformation of . In order to calculate the total surface
force, we need to evaluate the total disjoining pressure aaeh separation distance (within
contact region and in non-contact region) by summing Van déWaals attraction, electrostatic

repulsion, structural and Born forces which is representad Equation 3.41.

A, 64KT ,
6h3

6
h o, 1A G
e "°+Kiem +

! 45 hg

where A is the Hamaker constant;n is the ion concentration;K,; and | are the structural

Fi(ho) =

(3.41)

constants; , is the collision parameter and is the inverse Debye-Huckel length parameter

and is obtained from Equation 3.42.

8 r
8ne 2z2
ST @
ez
Y= 1T ()
J (3.42)
= ©
ez+1
£ s, 3w (3 gy
A= ZkBM T s + 16 2(n2+ n2)is (d)

where e is the electronic chargeZ is the valence of the electrolytekgy is the Boltzman
constant; T is the absolute temperature;h is the Plank's constant; ve is the absorption
frequency of the uid; n;y is the refraction index for the solid spheresn; is the refraction
index for the uid between the spheres)' is the dielectric constant of the spheres’; is the

dielectric constant of the uid and is the zeta potential of the grains.
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Total surface force on grains can be calculated by adding tlierces in the contact and

non-contact regions:

R
Fs(ho) = a?Fi(ho)+  2F ((ho)rdr (3.43)
a

This calculation should be simple in the case of a single pleasxisting within the pore
space. However, the calculation is complicated in the casethvcapillary condensation. We
therefore need to numerically evaluate the integral in two grts for gas and liquid in the

contact and non-contact regions.
3.6 Determination of Fluid Properties

Since the uid inside the pore has to be in thermal equilibrim at a given temperature
and pressure, uid properties have to be determined theorietlly from the equation of state.
In order to calculate the uid properties, the Peng-Robinsn EOS was used. Two forms of

the equation were used (in terms of speci ¢ volume and gas dation factor) (Whitson and

Bruk 2000):
v RL o @ BRT 4y 8 BRT (3.44)
Y p Y p Y
2 RU py, @ 2RT 42, 28 BRT g (3.45)
Y p p p Y
PV . . . .
wherez = ﬁ; v is the speci c volume andz is the gas deviation factor.
Equation 3.45 can be represented as:
22 (1 B)Z?+(A 2B? 2B)z (AB B? B%=0 (3.46)
wherea, b, A and B are represented as
Xe Xe
a= Amn XmXn (3.47)
m=1 n=1
Xe
b= Xy (3.48)
n=1
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A p p XX 3.49
“ORTE T RTY2, (849
s=pP - P X (3.50)
RT RT _ " '
The coe cients a, and a,,, are calculated as
L 2T ) h _ [ 2
Pa = 0:4572J1J 1+ k(L4 k(l | o) (3.51)
c,m
aon =(L )" Gndn (3.52)
The coe cient k. is obtained from Equation 3.53
8
< 0:37464 + 134226 ,, 0:26992 2; if ! ,<0:49
Ke =, (3.53)

" 0:3796 + 14883 ,, 0:1644 2 +0:01667 3; if ! ,>0:49
where T..,, and T, are the critical and reduced critical temperature of compant m re-
spectively;n. is the number of components;,, is the binary interaction coe cient between
two componentsm and n; k. is a coe cient and ! ,, is the acentric factor. The acentric
factor for CO, is 0.225.
The speci ¢ volume correction value is obtained using Equan 3.54 (Whitson and Bruke

2000).

8 EOS P Nc

<v =V ) CnXnm

. P (3.54)
W= T ey,

wherevE®S and vECS are the EOS-calculated liquid and vapor molar volumes respévely;
Xm and y,, are the liquid and vapor composition respectively and,, is the Peneloux vol-
ume correction factor calculated from critical pressure @htemperature using Equation 3.55

(Pendersen et al. 2007).

6. = 0:4076&RT;m(0:29441 zpm)
pc;m
wherezg., is the Rackett compressibility factor for componenin and is calculated by using

(3.55)

Equation 3.56.
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Zg:m = 0:29056 0:08773 (3.56)

Equation 3.44 can be numerically solved (for a specic volumv and a gas deviation
factor, z) when the components properties are available. Once the gdasviation factor is
obtained, gas compressibility can be calculated using Edian 3.57.

_l1l@ey_1 10z

= _=9=- - =-= 3.57
s@p py zZ@p ( )
where@@;can be determined using Equation 3.58.
2 B z
@z_g 3z 21 B)z+(A 3B2 2B)R2T2 2 3.58
@p 2> 6Bz 2z A+2B+3B? b (3:38)

3z 2(1 B)z+(A 3B2 2B)RT
The rst and second derivative of oil density with respect topressure can be obtained

using Equations 3.59 and 3.60.

@O (0] (0] @Z
=°=-_° 0= 3.59
P Po z @p ( )
@ = 1@ _;’ }@+ _Z’QZ _0@ (3.60)
@p pP@p P2 z@p z22@p z @p
The last term can be obtained using Equation 3.61.
g A+B+z+B? 1 @z g
@z _ [3z 2(1 B)z+(A 3B2 2B)2R2T2@p - (3.61)
@ 3 (1B 4z 1B%)+(A 3B2 2B)2z 8 3) b @zz
' [3z 21 B)z+(A 3B2 2B)]2 RT @p '

Where@@;can be calculated from the EOS for oll.

To summarize, the model developed provides a theoretical yéo determine V, and Vs
changes due to capillary condensation by calculating gapi sess (which is the sti ness
component a ected by saturation). In order to calculate thegap sti ness, the separation
distance between grains had to be determined which in turn wacalculated by an iterative

process.
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CHAPTER 4
RESERVOIR CHARACTERIZATION

This chapter summarizes the reservoir characterization dbrmations from which the
cores in this study originated. After evaluating available are samples and formations, we
decided to test core samples from the Austin Chalk and the Dipaformations. The focus of
this chapter is to provide an overview of the geological andeprophysical background of the

formations as well as the samples collected.
4.1 Austin Chalk Reservoir

The Austin Chalk was deposited in Late Cretaceous seas thatvewed the Gulf Coast
basin in Texas. The map below shows the US part of the Austin CHatrend between the
black lines. Sediments consists of ne-grained limestondtiwinterbedded streaks of shale.
Figure 4.1 shows the areal extent of the Austin Chalk trend. It\eerlays the Eagle Ford shale
with a formation consisting of interbedded chalks, volcaniash and marls. It is classi ed as
a biomicrite and is primarily composed of coccoliths. The Umy Cretaceous stratigraphic
column of the Eagle Ford shale is shown in Figure 4.2.

The Austin Chalk has three main members namely the lower chalkniddle marl and
the upper chalk. The upper and lower members contain signiamtly less clay meaning they
are more brittle with higher fracture densities and are thesfore of better reservoir quality
Hovorka and Nance (1994) characterized the three members iregt detail. The lower and
upper members consists of chalk intervals mainly interbedd with marl. These member
contains thin dark chalks and laminated marls that contain & much as 3.5 percent TOC
as well as disseminated pyrite. The middle member consistsaiternating chalk and light-
colored marl and has a higher clay content than the other lagg These distinct three
members are illustrated in Figure 4.3. The cores used in thigsearch were acquired from

Eagleville eld in Gonzalez County, Texas.
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. Houston

Gulf of Mexico

Figure 4.1: The Austin Chalk trend (Hovorka and Nance 1994).

The Austin Chalk in Texas is a low porosity, low permeability,heavily-fractured reser-
voir that has been producing since the mid-1980s with the amf horizontal drilling. Matrix
permeability ranges between 0.03 to 1.27 md and overall foation thickness ranges between
150 to 800 ft. The Eagle Ford shale is classi ed as a self-soed reservoir with seals. Out-
crop analysis identi ed kerogen types Il, lI/lll and IIl. Th e maturation process (migration,
expulsion and migration) through three maturation windows(oil, gas condensate and dry
gas) are shown in Figure 4.4.

Hydrocarbon migration occurred mainly along bedding planeguring expulsion. Due
to the lack of traps along its path, hydrocarbons migrated walip where vertical fractures
were encountered. These fractures are associated with mewil fault trends and aided the
migration to the heavily-fractured Austin Chalk (Martin et al. 2011).

The underlaying Eagle Ford formation has negligible vertad permeability but some hy-
drocarbon migration occurred along bedding planes after gxision. The organic matter
that travels through the maturation window is able to travel up-dip the Eagle Ford forma-
tion where it could encounter natural fractures and faults.These fractures either allow for
vertical ow or restrict future migration thereby controll ing the ultimate accumulation of

hydrocarbon as illustrated in Figure 4.5.
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Figure 4.2: Stratigraphic column of Eagle Ford (Hovorka and Naie 1994).
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4.2 Diyab Unconventional Reservoir

The Diyab source rock, located in the United Arab Emirates (UAE)represents ADNOC's
latest endeavor to explore and develop its unconventionagsources. It was evaluated over
the last several years to assess its potential for developmes an unconventional shale
formation. The Diyab formation has historically been viewa as the source rock for major
oil and gas formations in the Middle East. After recent studig it was decided to explore
Diyab further as an unconventional gas reservoir. This wavauated based on the source
rock’'s thermal maturity, rock properties, lithology, faces and stimulation studies.

Initial studies have shown that the Diyab formation has thre distinct zones with good
potential for shale gas. Those zones were identi ed based parosity, saturation and total
organic content. Figure 4.6 shows the vitrinite maturity at e base of the Diyab formation.
Vitrinite maturity is caused by thermal stress to generate diand gas in the Jurassic and

Cretaceous petroleum systems.
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Figure 4.6: Vitrinite maturity from 3D basin modeling of the Diyab Unit (Baig et al. 2017).
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The Diyab formation is a lithology-based term used in the UAE taepresent sediments
of Oxfordian to Kimmeridgian age. It is the Saudi equivalenof the Tuwaiq, Hanifa and
Jubaila formations combined as a single unit as shown in Figude7. The three main units are
distinguished in Figure 4.8 After a major unconformity betweethe Middle and Late Jurassic,
an intra-shelf basin formed in the Late Jurassic period betwe the uplifted Eastern Plate
margin and the Qatar Arch. The major sequences (Hanifa, Tuwa@gnd Hadria) demonstrate
westward progradation with forced regression of shallow tea carbonate intervals into the

basins (Vahrenkamp et al. 2015).
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Figure 4.7. Middle and Late Jurassic Diyab unit lithology (Bag et al. 2017).

The lower part of the Diyab unit (Tuwaiq and Lower Hanifa) demastrates observable
thickness variations from shelf areas made up of shoals anchigy deposits up to 1000
ft thickness to less than 100 ft in intra-shelf basinal settigs which dominate depositional
patterns up in the western UAE as shown in Figure 4.9. These sedints contain Oxfordian
and Kimmeridgian source rock sequences (Baig et al. 2017)helupper part of the Diyab unit
(Jubaila and Upper Hanifa) is mostly comprised of basin- lledsquences with partial source
rock developments. These rocks were subjected to thermalests resulting in the generation
of oil and gas and are the major source rocks to the Jurassic/laceous petroleum systems

in the region. After evaluating pilot results, it was found ttat the Jubaila and Hanifa
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formations have a good potential for shale gas developmenitlwthe lower sections showing

more promise than the upper sections.
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Figure 4.8: Cross sectional stratigraphy of the Diyab unit. &te Jurassic intra-shelf basin
development (Baig et al. 2017).

State of the art elemental spectroscopy measurements wemnducted to determine the
elemental compositions to estimate the rock's mineraloggdluding carbon. This is important
in quantifying the unconventional resource and estimatingeservoir quality. Total carbon
content was split into organic and inorganic carbon. Track 3ndicate methane presence
while tracks 4 and 5 indicate liquid hydrocarbon presence {C Cs). Light hydrocarbon
composition was observed in the Hanifa and Jubaila formatiorssgnifying higher maturity.

Based on uid log signatures, three zones were charactenizas shown in the composite log

in Frgiwe #-dBmonstrated high methane composition (99% dry gashite Zone 2 indicated
trace liquid hydrocarbon components<5% C, Cs). Zone 3 (Hanifa) also has a primarily
dry gas log signature. These logs were obtained using ASFL (Adwvzed Surface Facies
Logging) technology which analyzes hydrocarbon present drilling mud. As drilling uid

is brought to the surface, it is analyzed to provide € Cg, toluene, carbon dioxide, helium,
benzene and alkane content. This allows the identi cationfosweet spots and is valuable

when evaluating reservoir potential.
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Figure 4.9: Cross sectional depositional area of Lower DiyéBaig et al. 2017).

Heterogeneous Rock Analysis (HRA) was then performed on selectore samples over
the cored interval. HRA is a comprehensive rock classi catiotool based on well log responses
which matches rock patterns with similar material propergs in an interval. Five rock
intervals were identi ed as shown in Figure 4.11. One foot ofoce was preserved for every 9
ft for core analysis and saturation measurements. Out of th&9 samples used in HRA, 16
samples were located in non-reservoir sections and wereallecated to reservoir intervals.

Figure 4.11 shows the depths at which those core samples wezkested.
XRD (X-ray Diraction) analysis were performed with good comgrison between log

and core derived mineralogy. Signi cant mineralogy changewere observed as we move from
the Hanifa to Jubaila formations (above and below evaporates)The Hanifa reservoir is
mainly comprised of calcite with traces of clay, whereas Juit@ has an increased level of
clastic material especially in lower section of the Jubailaofmation. That is manifested
by the laminations ore calcareous layers interbedded by neorcarbonate-rich and clay-rich

intervals. The XRD analysis composite log of this formationsi shown in Figure 4.12. It
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is observed that there is a slight increase in clay content ithe bottom of the Jubaila and

Hanifa formations which coincides with an increase in TOC.
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Figure 4.12: Composite log utilizing cutting analysis to idatify lithology (Vahrenkamp et
al. 2015).

4.2.1 Comparison to US Shale Reservoirs

In the early stages of exploration, ADNOC was interested in I&ing at analogues in
the US with similar mineralogy. Ternary plots were used to chacterize samples from the
Hanifa and Jubaila formations and compared to the compositionf the Marcellus, Eagle
Ford and Barnett formations as shown in Figure 4.13. The Hanifand Jubaila formations
are both predominantly comprised of carbonatex90%) even if the TOC rich zones contain
small amounts of clays. On the other hand, the Eagle Ford foration, which has the highest
carbonate concentration of around 60% and contains high aomds of clay (20%). It can
therefore be concluded that facies from the Hanifa and Jubaifarmations are unique and

require a customized completion work ow.
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Figure 4.13: Ternary plots comparing the lithofacies of Hardfand Jubaila to U.S. shale
reservoirs (Marcellus, Eagle Ford and Barnett) (Vahrenkamet al. 2015).

4.2.2 Crushed Core Analysis of Diyab Reservoir

Conventional methods to analyze core porosity and permedtyi cannot be applied here
due to the challenging nature of tight rocks. Instead, crugld rock analysis is used to obtain
bulk density, gas- lled porosity, core saturation and matix gas permeability. The cores
(conventional or sidewall) are to be rst preserved until tle time of rock analysis. The
bulk densities are measured by mercury immersion before thengple is crushed. Water and
oil are then extracted from weighed sample by using the Ded@tark extraction method of
boiling toluene and collecting condensed uids. The sam@ere then dried in an oven while
the volume of extracted oil is calculated from the sample wgt loss and amount of water
collected. A vacuum oven is used to ensure that the kerogentime sample does not oxidize
during the drying and extraction process which can alter theveight of the sample. Using a
Boyle's law device, the grain volume of a dried shale samplancbe measured with helium.
Porosity, pore volume and saturation measurements are theterived from the bulk and

grain volume. Gas permeability is obtained using unsteadyate gas pressure decay method
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due to signi cant Klinkenberg e ect in tight rocks. Summary of crushed rock analysis is
shown below. As-received (A-R) bulk volumes and densities wedetermined from intact

core samples before the samples were crushed for the resthaf analysis.

Table 4.1: Summary of crushed rock analysis results

Sample M. Depth Ba R SgA R kdecayA R Bpry grain pyy Helium pyy kdecayDry

ft g=cm® % md gcm®  g=cm® % md
1-1 12337.2 2.64 1.9 6.89E-4 2.62 2.71 3.3 1.05E-3
2-2 12681.0 2.66 21.6 2.56E-4 2.65 2.73 3.2 3.02E-4
1-11 12442.6 2.54 51 2.55E-3 2.52 2.70 6.7 3.11E-3
1-28 12461.4 2.57 3.8 1.48E-3 2.55 2.70 5.7 2.55E-3
2-19 12512.2 2.57 4.1 1.06E-3 2.53 2.73 7.2 5.93E-3
3-9 12815.5 2.66 15 7.33E-5 2.65 2.71 2.6 6.14E-4
3-23 12830.4 2.43 8.7 1.58E-3 241 2.68 10.1 3.75E-3
3-42 12852.1 2.37 10.3 5.14E-3 2.35 2.67 11.8 7.47E-3
3-53 12864.4 2.57 4.7 1.28E-3 2.55 2.71 5.6 4.34E-3
3-55 12868.2 2.46 4.2 1.04E-4 2.44 2.59 5.9 1.78E-3
3-62 12874.5 2.64 1.9 2.12E-4 2.62 2.73 4.0 5.35E-4
3-66 12879.4 2.64 2.0 5.06E-4 2.62 2.72 3.8 5.38E-4
3-74 12888.4 2.66 0.2 1.97E-6 2.64 2.70 2.3 1.78E-4
Average 2.57 3.8 1.15E-3 2.55 2.70 5.6 2.47E-3

The relationship between permeability and gas saturatioplorosity is shown in Fig-
ure 4.14. The blue line represents the \as received" valueshereas the red line denotes

the dried samples.
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Figure 4.14: Permeability versus porosity.

Lithoscanner and GEOFLEX data has been obtained to analyze ¢hmineralogical com-
position of the formation. The Tuwaiq interval is characteized of having high TOC values
(5-6%) compared to Hanifa (average 1.4%). This also coincgdeith higher uranium content
on spectroscopy logs and acoustically higher resistiviteadings. A representation of the

mineral composition of the samples is shown in Figure 4.15.
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Figure 4.15: Mineral composition.

Total Organic Carbon is a critical parameter when evaluatig the potential of a sources
rock. As the name suggests, it is the total carbon present comging of organic matter
that includes kerogen and hydrocarbons. TOC is obtained fno interpreting logs (spectral
gamma ray, direct Lithoscanner carbon measurements, NMRY} is important to make the
distinction between inorganic carbon and organic carbon wh determining TOC as shown
in Figure 4.16. Total inorganic carbon is calculated from o#r elements. The best method
for inferring TOC from logs is usually determined once the Waes are compared to core

measured TOC.

Figure 4.16: TOC breakdown.
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The NMR method uses density logs to calculate kerogen volumadaCMR to measure
total porosity which provides distinction between bound ad free uid porosities. CMR
porosity is sensitive to the volume of hydrogen in the uids bthe pore space but not the
hydrogen in the kerogen. Since matrix density is known, dets measurement is used to
calculate pore volume. It is important to note that kerogen hs a lower density than other
mineral components in the source rock. This means the derysineasurements is sensitive
to the amount of kerogen present (while CMR does not). This cabe then used to calculate
the volume of kerogen by using an estimated kerogen density 04 g=cm®. Equations 4.1

and 4.2 are used to calculate kerogen volume

Vkerogen = S é HN| MR S F (4.1)
K PF G K
TOC= Vkerogen — (4.2)

bCF
where ¢ is the matrix density without kerogen; , is the bulk density; ¢ is the kerogen
density; ¢ is the density of the uid; nwr IS NMR total porosity; Hl p¢ is the hydrogen
index of the pore uid (set to 1) and CF is the conversion facto0.83) to account for the
di erent elements (hydrogen, sulfur, oxygen and nitrogenfound in kerogen that are not
carbon.

The log in Figure 4.17 shows the computed TOC of the interval. Aese calculations are
then compared to logs derived from XRF (X-Ray Fluorescence) abavn in Figure 4.18.
TOC values higher than 1% were agged (good source rock potet) and two zones with a
thickness of 140 ft were identi ed. One zone is in the lower a®on of the Jubaila formation
and the second one in the upper section of the Hanifa formatioBoth zones are correlated
with enrichment of copper, sulfur, nickel and molybdenum iicating anoxic environmental
deposition. The TOC is comprised of a carbon non-volatile ogponent signifying kerogen

presence and carbon volatile indicating presence of light.o
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As previously discussed, determining porosity and pore uglis a challenging task when
dealing with unconventional formations. This is especiglitrue in liquid-bearing shale for-
mations. Since kerogen has a nuclear log similar to convenmial pore uids, erroneous
guanti cation of TOC can lead to hugely inaccurate porosityestimates. Clay and bitumen
presence can deteriorate reservoir quality especially iesk mature reservoirs. The gure
below illustrates the di erent formation components of a tpical unconventional reservoir

and the required tools/measurements to quantify them.

Pore Water
Structural Water
(OH) / hydroxyls

‘Effective Water Saturation

Reported Effective Porosity

L J
|l

Reported Total Porosity

Figure 4.19: Typical formation components of an unconvential formation.

4.2.3 Gas-in-Place Estimation for Diyab Reservoir

Gas in source rocks occurs in a free and adsorbed state on theface of organic matter.
Both those values are important to quantify when estimatinggas in place. Free gas and

adsorbed gas exist in equilibrium at reservoir conditionsThe Langmuir isotherm is used to

67



describe the state of equilibrium and can calculate the ad$eed gas in place for each reservoir

section. The relationship between adsorbed gas and pore gsere is shown in Figure 4.20.
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Figure 4.20: Langmuir isotherm for predicting adsorbed gas .

Gas- lled pore volume can be calculated from e ective pordty and gas saturation data
which is then converted to Standard Temperature and Pressair(STP). This is combined

with the adsorbed gas estimates from about to calculate GIPsashown in Figure 4.21.

4.2.4 Geomechanical Characterization

A 1D Mechanical Earth Model (MEM) was created for the Arab D, Julila, Hanifa and

Tuwaiq formations. MEM is a numerical representation of thatresses, pore pressure and the
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Figure 4.21: GIP estimation.
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rock's mechanical properties for a reservoir. It basicallgontains all the geomechanical data
analyzed that can be used for further geomechanical analysand predictions such as hy-
draulic fracture design, wellbore stability analysis, sahproduction, compaction/subsidence
evaluation and 3D stress modeling. Figure 4.22 illustratei¢ work ow used in creating
the 1D MEM in order to ensure consistency and proper interptation of the data. Com-
pressional and shear velocity and bulk density data are thedndational inputs needed in
constructing a 1D MEM. By studying the geomechanical data ttoughout the life of the

eld, we can better understand issues related to drilling,dsting and production.
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Figure 4.22: 1D MEM work ow.

Before direct geomechanical core testing, sonic log measuents are of critical impor-
tance since studying the compressional and shear logs alltve estimation of the rock's
mechanical properties. Mechanical moduli can be calculateising the equation discussed
in the geomechanics chapter. It is worth noting that since # process of wellbore deforma-

tion/failure is relatively much slower than the process of igh frequency wave propagation
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used in logs, it is imperative to get static (in-situ) measwements for wellbore stability anal-

ysis.

In lieu of core data, the static mechanical properties, Uncamed Compressive Strength

(UCS), tensile strength and internal friction angle were eshated using correlations ADNOC

developed for a neighboring unconventional eld despite éhfact that the Diyab formation

is deeper than the Shilaif formation. These values were latdetermined and validated from

our tri-axial experiments using the provided core samples$t was observed that rocks up to

12,300 ft depth were strong (dynamic Young's Modulus is in &19-20 Mpsi range with rock

strength above 18,000 psi). The rocks however became weakelow 12,300 ft (dynamic

Young's Modulus is in the 5-8 Mpsi range with UCS around 13,016,000 psi). The can be

observed in Figure 4.23.
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Figure 4.23: Elastic and geomechanical properties.
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CHAPTER 5
EXPERIMENTAL INVESTIGATION

This chapter summarizes the experimental facility designna development. Details of
core preparation, experimental procedure, data acquisith and interpretation are presented

in this chapter.
5.1 Experimental Facility Design

The rst experimental objective is to measure ultrasonic ampressional and shear wave
velocities of the shale sample and observe changes to the evaignature as capillary con-
densation occurs. This can be tested using a high-pressureial compression cell. Bui
and Tutuncu (2015) noted that acoustic velocities and elast moduli of the pore uid are
higher when capillary condensation occurs. This change sk be observed as increase in
compressional wave velocity. The core samples will be tedteill increasing pore pressure
until capillary condensation is observed.

High capillary pressure within the nanopores in partially sarated shale samples strength-
ens rock grain contacts thereby increasing both shear andngpressional wave velocities.
This is triggered when we observe an excess adsorption ofg@arid by acquiring the syringe
volume change. Figure 5.1 illustrate the triaxial testing sstem available at Unconventional
Natural Gas and Oil Institute (UNGI) Coupled Geomechanics Lab@tory at Colorado School
of Mines. The facility can handle stress and pore pressure tg10,000 psi with temperature
up to 10C0°C. The facility allows precision control of temperature.

The experimental set-up used for this study is capable of tr@multaneous acquisition of
coupled stress, strain, resistivity, acoustic and ow dataising LabView. The main compo-
nents of the set-up are triaxial load cell, pore uid injecton system, back pressure system,
vacuum system, axial and con ning pressure system and a temature control system. The

tri-axial load cell holds the 1.5 inch diameter core sampleithin a rubber sleeve. The axial
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Figure 5.1: Schematic of the tri-axial system designed in thistudy.

Figure 5.2: Internal view of tri-axial compression cell.
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and con ning pressure system is capable of simultaneously@ying overburden pressure
(axial) and isotropic radial stress (con ning pressure).

The apparatus also encloses feed-through holes that allole@aronic instrumentation and
hydraulic lines to pass through its walls while maintainingts pressure integrity. The top cap
houses a symmetric porous Iter followed by a single hydraialline connected to a pressure
transducer, which allows continuous measurement of poregssure at the sample top while
uids are circulated. A more detailed diagram of the apparats and its assembly is shown
below with blue solid lines denoting stainless steel pressipipes, dashed green line denoting
non-conductive high pressure pipe and purple dashed linend¢ing low pressure pipe used

for the vacuuming.
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Figure 5.3: Schematic diagram of the experimental facility.
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5.2 Core and Sample Preparation

The core samples had to be meticulously treated before thegutd be loaded up into the
cell. It is important to point out that both sides of the cylindrical cores used in this study
were parallel, smooth and at to 0.001 inch tolerance for angiven length measurement
across the core. This set up is to ensure that the core can lierfectly at against the cell's
piston to ensure e ective ultrasonic wave propagation witbut interference. Otherwise, the
wave will not conduct e ectively through the sample and not jeld a clear waveform. This
was done manually by sanding the cores down since the use afipment like a lathe would
create fractures on the surface.

Tight sidewall core samples from the Austin Chalk and Diyab fonations were used for
tri-axial testing. However, the tighter the sample, the longr the saturation time period that
is required to reach equilibrium. Our experiments typicayl run for 1000 hours per experiment
including cell assembly. Table 5.1 summarizes the dimensgand general information on
the cores successfully tested in this study.

The TQ-01 and TQ-02 core samples are from the Tuwaig formatoof the Diyab unit.
It is a tight limestone, mudstone mainly, that is dark grey toblack in color. It is highly
carbonaceous with no visible natural fractures. Figure 5.4hd Figure 5.5 are pictures of the
core samples obtained from the Tuwaiqg formation and the slabwas cored from.

The AC-01 sample is from the Austin Chalk is from Crabb Ranch ifisonzales county,
Texas. It is light grey in appearance and visibly laminatedléyered with marls). Some

microfractures are present with anhydrite lling them.
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Table 5.1: Overview of cores prepared for experiment

5-20

. Mass Depth Length Width Vguk k
Sample  Unit . ) .

P (9) (ft) (in.) (in.) (in :®) (%) (nd)
TO-01L Diyab 20152 12866 2.910 1.476 4.97§_5 e
TQ-02 Diyab 109.7 12847 1456 1.480 2.50
Ac-01 AUStN o557 890  1.223 1.474 2090 5

Chalk

©1 2,866’

el
’ L LN TR LI S AL YU |

Figure 5.4: Tuwaiqg core sample, TQ-01 at 12,866 ft.

<2

12,847.8°

Figure 5.5: Tuwaiq core sample, TQ-01 at 12,847 ft.
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Figure 5.6: Austin Chalk core sample.

A Soxhlet extractor is used to decontaminate the cores in aashey got in contact with
any organic matter during the preparation process. A scheria of the Soxhlet set-up is
shown in Figure 5.7. The bottom round ask is lled with toluene which is heated util it
evaporates. The evaporated toluene rises to the top of thet $g through a distillation arm
where cool water is circulated (condenser). The cool wateauses the toluene to condense
and precipitate into the chamber that houses the core sampl&his chamber slowly lls up
over time as more toluene is condensed into it. When the chambis full, it is emptied by
siphon to the lower round ask that is being heated. This cyd is repeated for a few hours

to a day. The sample is then dried in an oven to completely rem® the excess toluene.
5.3 Evolution of Experimental Process

Various experimental set-ups were tested before a nal sap was nalized based on the

following criteria:
" Clear waveform propagation across the core and entire trki@l set-up.
" Ensuring the core does not get contaminated with con ning ocoupling uids.

~ Preventing any gas or mineral oil leaks in the pore pressuretwork, con ning pressure

system or the tri-axial cell.
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Figure 5.7: Soxhlet extractor schematic (Nojabaei et al. 2013

The tri-axial set-up was modi ed to accommodate both 1 and 5.inch core plugs. The
cell's pistons are 1.5 inch in diameter so 1.5 in core samptesild be readily used. However,
for 1 inch samples, two brass connectors were lathed so th&ey can be attached to the
piston head. The base of the connecter is a 1.5 in disk (to bet $e the piston) with a 1
inch diameter cylinder on top of it (that can accommodate thesmaller cores). These disks
had to be perfectly attened and smoothed to prevent any disirbance to the acoustic waves
passing through. We previously worked on 1 inch tight sandste samples from the Codell
formation (Dome Franks). Those results are not included ste we had di culty in wave
propagation calibration.

The e ectiveness of the coupling uid is another important @rameter that a ects wave
propagation . In order to guarantee no gap exists between tlwere and the cell's pistons, a
coupling uid was used. This will ensure wave propagation tloughout the set-up (piston to
piston). However, it is also important for the coupling uid not to get in contact with the
core sample which would result in its contamination. Sevdraoupling uids such as honey,
glue and di erent types of epoxy were used and wave condudatiacross the core was tested.

After nding the most optimal uid (water-proof epoxy), we ensured the coupling uid does
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not get in contact with the core. The answer to this problem wato apply conductive copper
tape to the sides of the core before applying the epoxy whickcures it to the piston.

Several assembly methods were investigated with the aim tmprove the epoxy applica-
tion/bonding. Although the epoxy has to be left for 24 hours toset, the rst 10 minutes
of mixing the resin with the hardener are the most critical. Boxy is rst applied to the
interface between the bottom piston and the core. The cell then assembled with the top
piston nally vertically-lowered into the cell with the epoxy to set on the top part of the
core. It is important to note that weight/pressure has to be dded when epoxy is applied
to ensure it pushes out any air bubbles/gap between the pistcsurface and core to ensure
wave propagation.

We initially tried attening stainless porous disk lters t hat would be placed above and
below the core to distribute gas ow. However, the disks intéered with wave propagation
and another solution had to be found. In order to facilitate gs ow and maximize adsorption,
a 1/16" hole is drilled at the bottom of each core and anotherdie is drilled from the lower
side to connect to the rst hole. This creates a corridor fortie gas to ow through. It
is important to ensure the core's surface is still perfectlyat and smooth after the drilling
process and that the hole is free of any debris that restricthe ow of gas. The bottom
hole is aligned with the pore pressure tube. Once this is dqrtbe core is wrapped up in a
porous blanket before being taped. The porous blanket is tdl@v the gas to move freely
on the core's outer surface and maximize adsorption area. &louter tape is used to ensure
the blanket is held tightly against the pore and it is isolatd from possible contamination.

Figure 5.8 illustrates the nal experimental set-up.
5.4 Experimental Procedure

A core sample is encased within a neoprene rubber sleeve ahen con ned axially and
radially using metal pistons and cell uid pressure. High-pggssure syringe pumps control the
axial and radial con ning stresses. Both top and bottom axigpistons are equipped with 1

MHz frequency compressional (P) and shear (S) wave transduge Pore pressure at both
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end surfaces are individually regulated by two syringe punsp The injected pore volume is

measured from the change in syringe volume of individual popressure pumps.

Top cap

Top piston

Pore pressure tube

Rubber sleeve

Epoxy

Tape

Core sample

Porous blanket

Drilled pathway

Copper tape

Bottom piston

Figure 5.8: Tri-axial cell schematic.

A serial digital communication protocol acquires and trarfers pressure and syringe vol-
ume data from pump controllers. The system temperature uctation is 0.1°C at a given
experimental temperature which ensures reliable high-glitg data due to minimal temper-
ature disturbance since pore volume change due to capillacpndensation is sensitive to
temperature changes.

Figure 5.9 shows the critical radius at which pores condensesagiven saturation pressure
for CO, using the Kelvin equation. The smaller pores requires a lowsaturation pressure
to condense since the surface forces acting on the nanop®irface are higher. Whereas,
pores that are 20-40 nm in size, require 750-820 psi satuaati pressure for the pore to

condense. Bulk saturation pressure for CQat 27°C is 977 psi. These values are important
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when designing our experimental set-up to give us an idea dnet pressure range that C®

will condense given a sample's pore size.
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Figure 5.9: Critical radius versus pressure of carbon dioxadat 27°C.

Once a core sample is loaded into the tri-axial cell, the aval times of compressional and
shear waves across the core with increasing pore pressurg i(pecting CO,) are recorded
and analyzed. In theory, acoustic evidence of GQapillary condensation should occur at a
pressure lower that bulk saturation pressure (977 psi at Z2). Velocity is then calculated by
coupling arrival analysis with strain gauge data that meases deformation across the core.
The pore pressure is then increased at steady intervals whiinaintaining an e ective stress
of 100 psi at each step. Stress and strain data are also sinaméously recorded and analyzed

to study the mechanical changes in the core.
5.5 Calibration

Before testing the core samples, we rst had to calibrate thequipment using an alu-
minum reference sample. This sample was treated similarlp the cores described above

(cut, lathed, leveled, smoothened) before being loaded up the cell. The purpose of this
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calibration is to measure the wave arrival time as it traveldhrough the equipment. To

visualize, the wave is emitted from a transducer and goes thugh the pistons, epoxy, copper
tape before reaching the core rst. It then has to go throughreother layer of copper tape,
epoxy and piston before reaching the second transducer.

When measuring the arrival times of core samples, we will dectuhis calibration value
from our readings so we can accurately obtain arrival time dhe core samples. The rst
step is to put the transducers against each other and recortig arrival time between them.
The next step is to put the dummy aluminum core sample alone bveeen the transducers
and record the arrival time. Finally, we load up the aluminum ore as we would a core and

then record the arrival times.

Table 5.2: Calibration data required to correct for actual \&ve travel time through the core

P-wave velocity S-wave velocity
tar Aluminum 12.07 s 25.08 s
tar transducer 440ns 1.0 s

The arrival times are calculated using Equations 5.1 and 5.2

tarrival (COre) = tanivar (recorded  tarivar (€Quipment)  tagivar (tranducer) (5.1)

tarivar (€QUipMeENY = taivar (calibration)  tarivar (@luminum) (5.2)
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CHAPTER 6
RESULTS AND DISCUSSION

\Whatever it is you're seeking won't come in the form you're expecting.”

— Haruki Murakami, Kafka on the Shore—

The results of our ndings are presented in this chapter. Theesults from nitrogen adsorption
testing to characterize pore size distribution of our sames is discussed rst. The summary
of the theoretical model validation with the tri-axial expgimental data and model prediction
are presented next. Finally, | present the results showing ¢he ect of capillary condensation

on the mechanical and acoustic properties observed in ourpeximents.
6.1 Pore Size Characterization

Since pore size in conventional reservoirs is large, the wle of adsorbed gas is usually
ignored since it is negligible compared to the larger portioof the bulk uid. Unconventional
reservoirs, on the other hand, have very small pore sizesde®y to a high surface area to
volume ratio. Therefore, the amount of adsorbed gas has to laecounted for since it is
signi cant. The aim of this Chapter is to understand the adsmption behavior of the tested
samples to quantify the pore size distribution and to undetand the precursor conditions

that lead to capillary condensation.
6.1.1 Nitrogen Gas Adsorption

In order to quantitatively measure pore volume and pore sizdistribution, nitrogen gas
adsorption testing was conducted on crushed samples. Nitegis an inert gas that can be
adsorbed, desorbed and condensed in both hydrophilic anddngphobic pores. This makes
it ideal for pore volume distribution purposes. The BET metldology described in the

previous section is used. This procedure quanti es the mala@lar physical adsorption of gas
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molecules on the sample's surface. The adsorption procesonly in uenced by pore size
distribution while the desorption process is a ected by camectivity as well (Mehmani et al.

2013). Therefore, the desorption isotherm is consideredlbe sometimes better at describing
pore size distribution since it accounts for the pore throastructure. Table 6.1 summarizes

the gas sorption data and the core depth intervals.

Table 6.1: Summary of nitrogen adsorption data

N, gas adsorption
Sample ID M. Depth (ft) Isotherm and  Mesopore BET Area

Hysteresis Type A(m3=g)
1-11 12442.45 I1-H3 5.33
2-19 12512.55 I1-H3 5.22
3-42 12852.45 I1-H3 6.08
3-55A 12868.10 I1-H3 28.36

It is important to rst ensure the proper de-gassing of the adorbent by exposing the
sample to high pressure/high temperature vacuum to removenga water and other contami-
nants so that surface area can be accurately measured. Thdl e&s also calibrated rst by
using a dummy non-reactive sample (aluminum sample) to aaoat for the compressibility
e ect of the gas.

The sample is then placed in a glass cell with other glass rotdsoccupy the dead space
in the cell. After degassing, the cell is moved to the analysport. Liquid nitrogen is used
to cool the sample and keep it at a constant temperature. Th@Ww constant temperature is
to ensure that interaction between gas molecules and the face of the sample are strong
enough for measurable adsorption to be recorded. Nitrogentlgen injected into the cell
using a calibrated piston.

Since adsorption and capillary condensation are sensititetemperature, the experiment
is performed at constant temperature. Equation 6.1 is used talculate the volume of sorbed

gas:
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1 1 Cc 1 p
S P 6.1
e

where V, is the volume of the adsorbed gaqy is the pressure,p, is the saturation vapor

pressure,Vy, is the volume of gas needed to cover the solid surface with amotayer andC
is the BET constant.

The IUPAC pore size classi cation that is used in this analysi to identify the di erent
pore size classi cation is shown in Table 6.2. The standardatherms for model materials
with unique micro-structural characteristics is shown in Fjure 6.1. Each isotherm displays

observably di erent features that relate to the morphologyof the micro-structures. This

classi cation is later used in our pore size characterizan.

Table 6.2: IUPAC pore size classi cation

Pore width  Description MICP (MPa)

< 2nm Micropore 624
2nm-50nm Mesopore > 25
> 50 nm Macropore < 25
(A) | Ka) I(b)
- = F =
‘ [ n
= =
5 I e
(]
£ | V) IV(b)
% ' /i /
m ’
=
2
S|V VI
/
0, -

Relative pressure —————s

Figure 6.1: Classi cation of adsorption isotherm hysteresi(Gregg and Sing 1982).
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At low pressure p < 0:3p,), a fraction of the analysis gas demonstrates increasedidesnce
time on the solid adsorbent. At this range, plotting the lefthand side of the equation yields
a straight line with intercept of 1=\ C and a slope of C 1)=\{4 C. We can solve forC

and Vy .

03 7

y=0.802x + 0.0104

2 -
0.25 - R*=0.99369

0.2

0.15

1/Va*[(Po/P)-1]

0.1 1

0.05

0.0000 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500
P/Po

Figure 6.2: Straight line analysis for sample 1-11.

When the system reaches equilibrium, the adsorbed molecufesm multilayers on the

adsorbent. At aroundB > 0:3, the process of capillary condensation occurs. The condits

(o]
for this to occurs is de ned by the Kelvin equation as previosly discussed. It assumes the

formation of a hemispherical meniscus in a cylindrical ponsith radius r,. Meniscus radius
2

= E
Figure 6.3 to Figure 6.6 show the relation between volume of §&d nitrogen and relative

M'm

pressure for the four samples. The hysteresis observed iresle gures show that during
desorption, not all the nitrogen adsorbed can be releaseaifn the pores. It also shows the

existence of a vast network of mesopores in the samples.
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Figure 6.3: Nitrogen gas sorption for sample 1-11.
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Figure 6.4: Nitrogen gas sorption for sample 2-19.
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Figure 6.5: Nitrogen gas sorption for sample 3-42.
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Figure 6.6: Nitrogen gas sorption for sample 3-55A.
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Surface area is calculated using the cross-sectional aréamitrogen molecule andvy, ,
which is obtained from the straight line analysis of the lefhand side of the BET equation.
Equation 6.2 is used to calculate speci c surface area.

p = Vol s 62
whereN, is Avogadro's number; , is the cross-sectional area of a nitrogen molecule, which
is 0.162 nms.

The Kelvin equation is used to calculate the pore diameter athich condensation occurs
for pores less than 200 nm wide. This is done by assuming thenfiation of a hemispherical

meniscus in a cylinder pore of radius,.

1 2

— = — (6.3)
wherer,, is the meniscus radius.

However, for the purpose of BET adsorption, Equation 6.4 is ad to calculate the pore

radius using speci ¢ surface area.
= — (6.4)

Non-Local Density Function (NLDFT) is used to calculate pore gie distribution rep-
resenting pore volume by given range of pore sizes. This methis based on statistical
mechanics and assumes a surface and pore structure to chegaze porous materials by cal-
culating the electronic structure of a many-bodies systeniores of di erent size are assumed
to be of the same shape with each pore behaving independentlhe process of pore- lling
is controlled by uid-uid and uid-grain interactions (ca pillary condensation). NLDFT
di ers from DFT by accounting for surface roughness. Assuminthe adsorbent surface is
homogenous, the derived energetic heterogeneity is thenréituted to pore size distribution
(Sing and Williams 2012). The relationship between surfaceem with pore pore diameter

is shown in Figure 6.7 to Figure 6.10.
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Figure 6.7: Relationship between surface area and pore diderefor sample 1-11.
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Figure 6.8: Relationship between surface area and pore digerefor sample 2-19.
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Figure 6.9: Relationship between surface area and pore diderefor sample 3-42.
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Figure 6.10: Relationship between surface area and pore dister for sample 3-55A.
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The pore volumeVp is determined fromV, below saturation pressure 1 0:995

(0]

using Equation 6.5.

Vu Vap

Vo =
P RT

(6.5)

Using the adsorption isotherm model classi cation shown ale, the shale core samples
display Type Il isotherm behavior indicating media with poes in all regime of size classi-
cation (micropores, mesopores and macropores). At low psure, the in ection Point B
indicated the end of monolayer adsorption and the start of nitilayer adsorption. In order
to determine BET A, data below Point B is analyzed whereas pore size distribon is de-
termined above point B. Point B was used by BET as a point to deste the completion of
the monolayer. The adsorption at Point B is equal to the monaler capacity.

The hysteresis loop associated with type Il isotherms is H3 diiH4 indicating slit shaped
pore geometry. The desorption behavior is similar to that oflrying which involves pene-
tration of the non-wetting phase. This behavior shows that ven large pores are accessible
through narrow throats, hysteresis occurs since the porelslat a higher pressure that which
it can be emptied (Gregg and Sing, 1991; Lowell et al., 2004hdmmes et al., 2015).

We observe that when the pore size distribution does not haeewide range (in the case
of sample 3-55A), capillary condensation is observed at a widrange (wider range of relative
pressure). Whereas in the three other cases, that window isdteed and starts at around
relative pressure of 0.5. Also, since sample 3-55A has congtevely much smaller pores,
interfacial tension forces are higher but the pore size isdosmall for any condensation or
liquid to form inside.

Capillary condensation occurs when pores in the mesoporega condense. This process
is secondary since it occurs as a direct result of multilayadsorption on the pore walls. In
these experiments, capillary condensation's signature tisat of an upward deviation from
the corresponding multilayer Type Il isotherm with more codensation occurring at higher

relative pressures. Macropores>(50 nm) condense only at high relative pressure.

92



The relationship between pore volume and cumulative pore ke with pore diameter
is shown in the gures below. It is worth noting that samples 411, 2-19 and 3-42 have
similar adsorption isotherms as well as pore volume/sizedtiiibution. Sample 3-55 has the
narrowest pore size distribution with most pores 4.5 nm. This can be expected by looking
at the sample's adsorption isotherm which has the widest higsesis loop that occurs early
on (p=p, < 0:3) and continues throughout. This signi es signi cant contibution from the

micropores at that range before getting to the mesopore raag
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Figure 6.11: Pore volume versus pore diameter for sample 1-11
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Figure 6.12: Pore volume versus pore diameter for sample 2-19
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Figure 6.13: Pore volume versus pore diameter for sample 3-42
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Figure 6.14: Pore volume versus pore diameter for sample 3A55

6.1.2 Mercury injection

Mercury injection capillary pressure (MICP) experiment wa performed to measure the
drainage only mercury injection capillary pressure and ahae the pore size distribution of
the Diyab samples. However, since the pore sizes we are deplivith are in the nano-pore
range, mercury injection will not yield meaningful resultsregarding pore size distribution
due to the large size of mercury atomic structure. Nitrogen a&drption is a more useful tool
in measuring pore size distribution in nanopores. However, I@P can shed light on the
capillary pressure.

The lab measurement was performed by using Micromeritics AaiPore 1V 9250 mercury
porosimeter. Core samples were placed in the penetrometedgut under vacuum. Mercury
is then injected at multiple pressures up to 60,000 psi witthe volume of mercury injected at
each stage is recorded. Apparent mercury injected volume idjasted for each core sample
for conformance. Conformance is the volume of mercury predsinto surface roughness and

around the edges of the core after the penetrometer is lledith mercury (since mercury acts
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as non-wetting uid). Using the Swanson method, permeabilit of the cores is calculated.
These measurements also shed light on the core's pore siz&triiution. As discussed in
Chapter 5, pores can be divided into the categories shown ingtkre 6.15 (Loucks et al.

2012).

Macropore

—

Mesopore

—EEm——

Micropore

——

Nanopore

-

Picopore

Figure 6.15: Pore size classi cation (Loucks et al. 2012).

Pore throat size (up to the micropore range) can be determideusing the capillary law
equation by assuming cylindrical pores using Equation 6.6.

[ = 2 COS
Pc
where r is the radius of the pore throatp, is the capillary pressure measured, is the inter-

(6.6)

facial tension of mercury and . is the contact angle of mercury in air. The contact angle,
varies depending on rock compaosition but an average of 249used as an industry standard.

The mercury capillary data is then converted to reservoir calitions using Equation 6.7.

0 _ ( €COS)c(g=w)
C(g_W) ( COoSs C)(m:a)

wherepgg-w) IS the capillary pressure in gas-bringym-a) is the capillary pressure in mercury-

Pe(m=a) (6.7)

air, Cos ¢g-w) IS the surface tension of brine multiplied by cosine of the ntact angle of
brine in air and cos ¢m=a) is the surface tension of mercury multiplied by cosine of the

contact angle between mercury and air. For the air/water datacontact angle is 0 and
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surface tension is 72 dyne/cm. Equation 6.8 is then used tolcalate the height above free
water:

— pc(m:a)( COos C)R
( Cos c)(m=a)( w h)

where ( cos)r is the interfacial tension multiplied by cosine of the contet angle of the

(6.8)

reservoir uid and 4 is the reservoir density gradient of the hydrocarbon. ,, is water
density with a gradient of 0.434 psi/ft. The hydraulic gradent for oil is 0.346 psi/ft and
0.100 psi/ft for gas. Figure 6.16 shows the relationship beésn mercury intrusion pressure
and saturation for sample 3-55. All the cores follow a similaurve with a maximum intrusion
pressure of 60,000 psi, which is equivalent to a minimum pos&e of 3.6 nm. This is the
technical maximum pressure due to the large atomic size of rnary as mentioned in the

literature review section.
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Figure 6.16: Mercury intrusion pressure.
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6.2 Methane Adsorption Potential and TOC

The amount of gas in place in any shale play is heavily in ueed by TOC and the
adsorption potential of the rock's surface. Methane in shalis adsorbed by kerogen and
various clay minerals. Adsorption in shale is purely a physat process which means that
it is reversible. Methane molecules can completely adsod®#sorb onto the surface area of
the pores. Since a large part of the gas in place is adsorbddsiimportant to understand
and study methane adsorption of the shale. Clarkson and Hagdtenas (2013) classied
ve mechanisms for the existence of methane in shales: 1) adstion onto the surface,
2) conventional compressed gas storage in natural and hydha fractures, 3) conventional
storage in rock's matrix porosity, 4) solution in formationwater, 5) adsorption solution in
organic matter.

Itis important to note that adsorbed gas has a higher densitthan that of the surrounding
gas. The organic matter occupies part of the bulk rock and csists of micropores. The
speci c surface area, per gram of solid, is an important pamgeter in governing the adsorption
of gas. The rougher surfaces and smaller pore sizes accoontaf larger speci ¢ surface area
which leads to more adsorption.

Yu et al. (2016) studied and compared the BET and Langmuir méane adsorption
isotherm in Marcellus. They found that their samples folloed the BET adsorption curve.
Figure 6.17 compares the adsorption of both Langmuir and BETsotherms. We notice
that gas desorption in the BET isotherm is more signi cant atlower pressures than that of
Langmuir's isotherm. This is due to the slope of the BET isotrm which is higher than that
of Langmuir's isotherm at higher pressure causing more adbed gas is released earlier. We
also notice that the amount of adsorbed gas released with BE3otherm is higher than that
of Langmuir's isotherm using the same pressure di erentiddetween the reservoir pressure

and the bottom hole pressure.
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Figure 6.17: Comparison between Langmuir and BET adsorptiaeotherms (Yu et al. 2016).

The same samples used in nitrogen adsorption were used fortmag@e adsorption testing.
It was found that the cores obeyed the Langmuir adsorption a¢herm curves as shown in
Figure 6.18 to Figure 6.21.

Using the Langmuir equation, the Langmuir coe cient can be ckulated as

VLp
= 6.9
T o+ (6.9)
. _ _ p o :
If we take sample 3-55 for instancey, = 113.4—p+ 94588 where p_ in this case is 948.8

psi (pressure at which half of total gas is adsorbed) arMd (maximum adsorption capacity)
is 113.4 scf/ton. The table below summarizes the results dig¢ methane adsorption tests
along with TOC data. When assessing the richness of source kecTOC values of 1 - 2%
are considered to be good, 2 - 5% are considered to be very gaod anything above is

considered excellent.
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Gas Content (scf/ton)

Pressure/Volume (psia*ton/scf)

Table 6.3: Methane adsorption isotherm summary

Sample Depth TOC Langmuir Volume Langmuir Pressure

ft % scf/ton psia
111 1244265 1.17 15.4 991.7
2-19 12512.40 0.58 13.0 744.8
3-42  12852.10 2.43 51.2 2366.0
3-55 12868.15 5.72 113.4 948.8
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(a) Methane adsorption isotherm
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(b) Adsorption Langmuir plot

Figure 6.18: Sample 1-111f{¢thane adsorption isotherm.

8000



Pressure/Volume (psia*ton/scf)

Gas Content (scf/ton)

14

12

10

700

600 T

500

400

300

200

100

Depth: 12512.40°
Sample: 2-19

Temperature = 293.0°F (145.0°C)
TOC = 0.58

As-Received Moisture = 0.37%
V=13*P /(P + 745)

1000 2000 3000 4000 5000 6000 7000

8000
Pressure (psia)
(a) Methane adsorption isotherm
Depth: 12512.40'
Sample: 2-19
Raw Basis
Temperature = 293.0°F (145.0°C)
TOC =0.58
As-Received Moisture = 0.37%
P/V =0.07672 * P + 57.14544
1000 2000 3000 4000 5000 6000 7000 8000

Pressure (psia)
(b) Adsorption Langmuir plot

Figure 6.19: Sample 2-19 methane adsorption isotherm.

101



Pressure/Volume (psia*ton/scf)

45

40

35

30

25

20

15

Gas Content (scfiton)

10

200

180 T

160 T

140

120

100

80

60

40

20

Depth: 12852.10°

Sample: 342 T
o
8]
Temperature = 293.0°F (145.0°C)
TOC =243
As-Received Moisture = 0.16%
V=51*P/(P +2,366)
1000 2000 3000 4000 5000 6000 7000 8000
Pressure (psia)
(a) Methane adsorption isotherm
[u]
Depth: 12852.10'
Sample: 3-42
Raw Basis
Temperature = 293.0°F (145.0°C)
TOC =243
As-Received Moisture = 0.16%
P/V =0.01955 * P + 46.24796
1000 2000 3000 4000 5000 6000 7000 8000

Pressure (psia)

(b) Adsorption Langmuir plot

Figure 6.20: Sample 3-42 methane adsorption isotherm.
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Figure 6.21: Sample 3-55 methane adsorption isotherm.
The Langmuir volume is then plotted against TOC to obtain a staight line with an
equation as shown in Figure 6.22. The equation obtained fronhé straight line describes

the relationship between adsorbed gas volume and TOC whichimportant when estimating

GIP.
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Figure 6.22: Volume adsorbed versus TOC.
6.3 Diyab Geomechanical Experiment

Four cores were tested for geomechanical parameters to detame their mechanical, elas-
tic and strength behavior. Results for these tests are summized in Table 6.4. The experi-
mental data can then be inputed into the geomechanical modelr in-situ stress calculations,
wellbore stability assessments and hydraulic fracturingperations. The data can also be

compared to the log-derived estimated mechanical propezs.

Table 6.4: Diyab geomechanical tests summary

Depth Plug Egyn ayn Est st So 't UCSuc Eucs ucs UCS
ft Type Mpsi Mpsi psi psi Mpsi psi
2re v 104 oa1 2 033 6608 38 21204 (o0 ol SO
739 v ods o 708 O3 31 38 22900 Sof (T Lol
TN SR O e om e w0 s 08 S
12605 v 115 osp 899 033 519 40 2000 G0 (50 (1000
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When conducting geomechanical stress tests such as axialtites on cores, we obtain
static moduli. Dynamic moduli are obtained indirectly by irterpreting sonic wave velocities
and logs. Since sonic wave velocity and density logs are theshcommonly available logs, it
is very common to obtain dynamic modulus values this way. The are also many empirical
correlations that calculate rock strength, Biot's coe cient and internal friction coe cient in
both vertical and horizontal directions. It is important to note that these correlations are
speci c to lithology and geography.

Static and dynamic values could be noticeably di erent and herefore it is important
to specify how these values were obtained. Static Young's Blaus is usually lower than
dynamic Young's Modulus and the ratio of static to dynamic isstress-dependent. Static
moduli are also referred to as drained whereas dynamic modate referred to as undrained
since uid saturation is the main reason to the discrepancydiween the static and dynamic
modulus values.

In order to obtain compressional and shear velocity valuethe arrival time of the wave-
form passing through the core has to be rst analyzed. This formation is used in conjunc-
tion with strain-gauge data that measures the change in letlgin the core to obtain acoustic
velocity. Figure 6.23 illustrates a compressional waveforfrom one of the experiments and
the straight line represents the arrival time.

These waveforms are recorded and analyzed at varying e aeadistress levels. The e ect
of increased e ective stress on P-wave arrival time is shown Figure 6.24. As the e ective
stress is increased, the core sample is compressed whichltgesn faster arrival time. This
is con rmed with strain gauge data that quanti es the amount that the core has been
compressed. Multiple waveforms are recorded and comparedtlze same conditions since

the waveform can be di cult to interpret. The same analysis § applied to S-wave arrival.
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Figure 6.23: Sample arrival time wave analysis.
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Ultrasonic measurements were conducted under hydrostatitress to measure the dy-
namic elastic properties whereas single stage tri-axialrmopression tests were used to esti-
mate the static properties. The compressional and shear gelty results obtained from the

various cores are shown in Figure 6.25 and Figure 6.26.

Figure 6.25: Compressional velocity versus stress.

Figure 6.26: Shear velocity versus stress.
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Two shear waves velocities were measured for vertical andrizontal plugs and were
similar suggesting that the plugs are isotropic. The dynaraiYoung's Modulus and Poisson's
Ratio are calculated from these velocities using Equatiorgs10 and 6.11.

VA(3VZ  4V2)
VERRYE

Edyn = (610)

_VE 22

dyn = m (6.11)

The relationship between dynamic Young's Modulus and Poiss's Ratio with e ective

stress of the tested samples is shown in Figure 6.27.

Figure 6.27: Dynamic Young's Modulus versus stress.

108



Figure 6.28: Dynamic Poisson's Ratio versus stress.

Although we observe that Young's Modulus increases as conng pressure increases, this
e ect becomes almost negligible at high stress. Poisson'ati® is una ected by con ning
pressure. Static elastic properties were then measuredrfranechanical tests. These values
are more reliable when studying high deformation in analysinvolving hydraulic fracturing
and wellbore stability assessment. It was observed that hpontal plugs have a larger Young's
Modulus than vertical plugs at the same depth. The variatiorof static Young's Modulus
follows a similar pattern to dynamic values with depth. A carelation between the static and
dynamic values is shown in Figure 6.29. Just as expected, thendynic Young's Modulus
is higher than the static. This is due to the nature of how the yhamic data is obtained
from ultrasonic waves. Ultrasonic waves oscillate quickhhtough the medium and the uid
within the pore space does not have enough time to relax at ligrequencies. This results in
the uid acting \sti er" which explain the higher dynamic Yo ung's Modulus. Alternatively,

no relationship could be obtained for Poisson's Ratio as sem Figure 6.30.
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Figure 6.29: Static versus dynamic Young's Modulus.

Figure 6.30: Static versus dynamic Poisson's Ratio.

The stress-strain relationship of a sample from the Diyab fmation at di erent con ning

pressures is shown in Figure 6.31. The experiments were coctéd until the sample failed.
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The Mohr-Coulomb failure envelope was constructed from thpeak axial stress and the
con ning pressure of each stage in the multistage triaxialanpression tests for 3 samples
as shown in Figure 6.32 to Figure 6.34. The Mohr-Coulomb failerenvelopes match well
the stress-state points obtained from the single-stage #tial compressive tests. Table 6.5

summarizes the ndings from these tri-axial experiments.

Figure 6.31. Stress-strain curve from tri-axial compressiotesting at di erent con ning
stresses.

Table 6.5: Parameters for Mohr-Coulomb failure criterion

Depth S, '¢f UCSy ¢
ft psi deg. psi

D1 12776 6608 38 27204

D2 12802 5189 40 22490

D3 12350 5631 38 22940

Sample
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Figure 6.32: Mohr-Coulomb failure envelope of sample D1.

Figure 6.33: Mohr-Coulomb failure envelope of sample D2.

Figure 6.34: Mohr-Coulomb failure envelope of sample D3.
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6.4 Model Validation

The grain contact model was used to match experimental acdicsvelocity data. The
input parameters are obtained from experiments and summasad in Table 6.6. Figure 6.35
and Figure 6.36 demonstrates that the grain contact model wable to generate fairly similar
results with a good match to the experimental data for both aopressional and shear velocity
data. In order to estimate compressional and shear wave vak) the model predicts gap
sti ness which it calculates from separation distance of # grains. This separation distance
between grains is calculated when the sum of total surfacerdes is equal to total external

force.

Figure 6.35: Matching experimental compressional velocitgtata to grain contact model
simulated results.

113



Table 6.6: Input parameters for theoretical model

Parameter Value Unit
Sphere Radius 3 m
P-wave Velocity 5451 m/s
S-wave Velocity 2987 m/s
Poisson's Ratio 0.29
Porosity 3.3 %
CO, Refraction Index 1.00045
Dispersive Coe cient 0.001
Rock Density 2.65 gem®
Rock Dielectric Constant 6
CO, Dielectric Constant 1.07
Rock Refraction index 1.45
Molarity 1
Valence 1
Zeta Potential -30 mV
Collision Diameter 4.5E-10 cm
Gas Saturation 3.8 %
Structural Constant K 500 dyne/cn?
Structural Constant | 1E-7 cm
Absorption Frequency 3E+15 S
Boltzman Coe cient 1.381E-23 ntkg 2K 1!
lonic Concentration 6.02*16°*M  ion/mol
Temperature 25 °C
CO, Viscosity 0.0146 cp
CO, Density 1.784 kg/m?
M. Depth 12736 ft
Young's Modulus 6.28E+6 psi
Shear Modulus 2.43E+6 psi
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Figure 6.36: Matching experimental shear velocity data to gin contact model simulated
results.

Figure 6.37 and Figure 6.38 show the e ect of frequency depemde on acoustic velocity.
This frequency dependence is explained by the rapidness dtigh the con ned uid between
solid grains can escape from the contact area. At high frequey (fast oscillating loads), the
con ned uid does not have enough time to escape which caust® rock- uid system to act
as if it is in an un-relaxed state, higher gap sti ness. Whereaat low frequency, the uid
has enough time to be pushed out resulting in a lower gap stiegss (softer rock). It is worth
noting that the speed at which the con ned uid escapes the adact area is a function of
the uid's mobility. Since gas has a higher mobility, it can nove out of the contact region
more easily making a gas-saturated sample less frequenependent compared to a liquid

saturated-sample.
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Figure 6.37: E ect of frequency on compressional wave veltyci

Figure 6.38: E ect of frequency on shear wave velocity.
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The model allows the estimation of acoustic velocities inelii of experimental data and
demonstrates how the micro-mechanics at the grain contacisect the moduli of the media.
It can be used to predict acoustic velocities and deformanan uid-saturated rocks. Based
on sensitivity analysis, it was found that frequency, clayantent, porosity, stress, saturation
and anisotropy have the most signi cant e ects on the simuleed outcomes of the model.
Fluid density, viscosity and its electrochemical interactn with solid surfaces also had a
mayjor in uence in modeling the rock's ability to propagate aoustic waves.

Figure 6.39 shows a sensitivity map of the frequency dependeron e ective stress and
velocity. It can be observed that velocity/stress data is me frequency-dependent at higher
frequencies. It is worth noting that the coordination numbeis calculated from the model

proposed by Maske et al. (2004).

Ch=6+9:1(0:37 )¥*® (6.12)

(a) Compressional velocity dependence (b) Shear velocity dependence

Figure 6.39: The dependence of velocity on frequency and eige stress.
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6.5 E ect of Capillary Condensation

6.5.1 Change in Acoustic Properties

Using the tri-axial cell set-up and the methodology descrilgein the previous section to
calculating ultrasonic velocity, the change in compressial velocity with pore pressure under
the same e ective stress for the sample is shown in the gureelow.

We observe an initial decrease in compressional velocity @sre pressure increases before
condensation occurs as shown in Figure 6.40. The initial dease of compressional velocity
is attributed to the expansion of the pore volume when pore pssure increases, which is
similar to the observations made by (Wang et al., 2016) and (@ther et al., 2008). After
this initial decrease, we observe that compressional veiycslightly increases at a pressure
around 750 - 800 psi which is close to the condensation pregspredicted by our theoretical
model.

The change in shear wave velocity with pore pressure is shomrthe gure below. Shear
wave remains relatively una ected up until the 750 - 800 psi gre pressure range where a
change of trend is observed as shown in Figure 6.41. We theerilaat as gas starts condensing
in the nanopores, the con ned uid is trapped by such strong sdiace forces that the trapped
uid moves/ interacts as if they were part of the grains. Thisresistance to shear causes the
shear velocity to increase. This also con rms the theoretit model estimate that capillary
condensation occurs. The increase of shear wave velocithéxause of the phase change from
gas to liquid as condensation occurs. The condensed liquidshlower mobility and higher

resistance to shear resulting in the increase of shear vetpc
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Figure 6.40: TQ-01 compressional wave velocity vs pore press

Figure 6.41: TQ-01 shear wave velocity vs pore pressure.

We also studied the e ect of increased e ective stress on wawelocity. As expected,
wave velocity increases with e ective stress. This increass more noticeable at higher pore
pressures as seen in Figure 6.42 and Figure 6.43. This indisatkat as a larger portion of

the pore space is lled with condensed liquid, the grain coatt is reinforced, hence the rock

is stronger.

119



Figure 6.42: E ect of e ective stress on compressional waveshocity.

Figure 6.43: E ect of e ective stress on shear wave velocity.

6.5.2 Change in Mechanical Behavior

Elastic modulus testing of AC-01 sample was conducted at ir@asing pore pressures. At
each stage, axial stress was increased by 900 psi (loadinggrt decreased back to original

level (unloading). The stress-strain relationship of theanple at increasing pore pressure

120



levels is shown in Figure 6.44. We notice that as pore pressuseincreased, a more visible
hysteresis loop is observed between the loading and unlaaglicycles. This represents the
loss of energy to the uid as more liquid condenses with ina@sed pore pressure with the
smallest nanopores condensing rst at lower pressure.

Using the stress-strain data, the Young's Modulus of the sartgpwas calculated as well.
The change in Young's Modulus with pore pressure at varyingeetive stress levels is shown
in Figure 6.45. We can observe that a change in trend occurs aband 750 - 800 psi where
the modulus starts increasing which is an indication that cafpary condensation occurs in
the pore space of the sample. We observed that the Young's Mdds increase about 5%
after condensation occurs. This increase in attributed tohe increase in pore stiness as
condensation occurs reinforcing the grain contact. This & clear indication of the e ect of

condensation on the mechanical properties of the sample.

Figure 6.44: Stress-strain relationship at varying pore pssures.
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Figure 6.45: Change in Young's Modulus with increasing poragssure at varying e ective
stress levels.

Using the data from Table 6.7, our model demonstrated that thehange in velocity
after accounting for capillary condensation is about 5% higgr than when condensation is
not accounted for. This e ect is more pronounced at higher équencies. This is shown in

Figure 6.46 and Figure 6.47.
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(a) With condensation (b) Without condensation

Figure 6.46: E ect of capillary condensation on compressiahvelocity.

(a) With condensation (b) Without condensation

Figure 6.47: E ect of capillary condensation on shear veldyi
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Table 6.7: Input parameters for theoretical model

Parameter Value Unit
Sphere Radius 3 m
P-wave Velocity 4500 m/s
S-wave Velocity 2700 m/s
Poisson's Ratio 0.236
Porosity 8 %
CO, Refraction Index 1.00045
Dispersive Coe cient 0.001
Rock Density 2.65 gem®
Rock Dielectric Constant 6
CO, Dielectric Constant 1.07
Rock Refraction index 1.45
Molarity 1
Valence 1
Zeta Potential -30 mV
Collision Diameter 4.5E-10 cm
Gas Saturation 3.8 %
Structural Constant K 500 dyne/cn?
Structural Constant | 1E-7 cm
Absorption Frequency 3E+15 S
Boltzman Coe cient 1.381E-23 ntkg 2K 1!
lonic Concentration 6.02*16°*M  ion/mol
Temperature 25 °C
CO, Viscosity 0.0146 cp
CO, Density 1.784 kg/m?
M. Depth 12736 ft
Young's Modulus 6.28E+6 psi
Shear Modulus 2.43E+6 psi
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CHAPTER 7
CONCLUSIONS AND FUTURE STUDY RECOMMENDATIONS

\And once the storm is over, you wont remember how you made it through,
how you managed to survive. You wont even be sure, whether the storm is

really over. But one thing is certain. When you come out of the storm, you

won't be the same person who walked in. That's what this storm's all about.”

— Haruki Murakami, Kafka on the Shore—

In this chapter, a summary of my research results is presedtevith recommendations for

further research and eld application.
7.1 Summary and Remarks

The main objective of this research is to investigate the et of capillary condensation on
the geomechanical and acoustic properties of tight rocks. Aaxperimental facility capable of
conducting experiments at pressure up to 10,000 psi and teerature up to 100C was built.
The facility is equipped with a data collection system that Bows collecting and analyzing
acoustic and mechanical data during the experiment. COwas used as pore uid in this
research to study the changes in acoustic and geomechanmalperties of core samples from
the Diyab and Austin Chalk formation.

The mechanical and acoustic characterization of the samplé&om the Austin Chalk and
the Diyab formations was carried out experimentally usinguwr state-of-the-art tri-axial fa-
cility. The pore size distribution for samples from the Diya formation were characterized in
our nitrogen adsorption experiments. The pore size characrtzation from nitrogen adsorp-
tion was used to estimate the pressure at which capillary cdansation occurs.

A mathematical model was developed and validated with the perimental data. The
model is capable of predicting the change of acoustic and rhanical properties with the

changes in e ective stress, temperature, pressure, frequg, and condensation.
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Using the new experimental facility, we investigated the e & of CO, capillary conden-
sation and observed a change in wave velocities and Young'®&ddilus as well as mechanical
behavior at a pore pressure values around 750 - 800 psi for theyab and Austin Chalk
samples tested. This indicates that C@in nanopores of the core sample condenses at this
pore pressure range which is in agreement with our model pretibn. This con rms that
condensation in nanopores occurs at a pressure lower thar thulk CO, dew point pressure
of 977 psi at 27C.

The results from this research provide the theoretical andxperimental veri cation that
acoustic measurements can be used as a method to detect thev gint and bubble point

of uids in the nanopores of tight formations.
7.2 Recommendation for Future Work

This research represents the rst experimental endeavor sfudying the e ect of capillary
condensation on nanopores and its e ect on the acoustic andechanical characteristics of
tight samples. We succeeded in building an experimental faty capable of conducting such
experimentation to be able to detect the signature of capdty condensation. This research
sheds a light on formation characterization with condensain, and we therefore recommend
to further investigate this phenomenon on the eld-scale ahto use acoustic data as a tool
for monitoring the phase change during the lifecycle of theeservoir. This can help to
identify the liquid bank around the wellbore and to determie whether condensation occurs
in tight reservoirs. This could also be implemented in largscale seismic surveys to monitor
the phase change of uid in the reservoir and to detect the cdensation of gas near the
wellbore.

Further experimental investigation would improve our undestanding of this phenomenon.
Due to facility restrictions, we were only able to use carbodioxide as a pore uid. Testing
with di erent hydrocarbons would be bene cial as it better represents reservoir conditions.
The ndings from this research can be utilized to construct ghase envelope for tight for-

mations accounting for the e ect of nano-con nement by runing a series of experiments at
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di erent temperatures.

Finally, a new and improved set-up is being developed at oursearch center that could
improve our understanding of changes in acoustic propersielue to condensation. Processing
the acoustic waveforms is sometime challenging and for thatason, a new cell is being
built with the intention of addressing the tri-axial cell's shortcomings. This new smaller
adsorption cell (Figure 7.1) is tted with transducers whileensuring the chamber inside is

leak-free. Therefore, we recommend using this new cell fatdre investigation.

Figure 7.1: Schematic of new adsorption cell.

In the new set-up, the core sample is suspended in the cell aneld by a coil. This is
to ensure that the transducer crystals and the sample do nobme in contact with the cell
walls which could a ect wave propagation and attenuation. Bre pressure is increased in
stages and wave analysis is performed after each step. Thét-sp would be a signi cant

improvement from than the tri-axial cell for the following reasons:

~ Clearer ultrasonic waveforms since the wavelets travel agter distance and encounter

less interfaces that could attenuate the waveform.
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No con nement/con ning uid is needed. This eliminates the possibility of cross-

contamination between pore pressure uid and con ning uid.

" The cores do not require to be perfectly lathed and attened.

" Easier and faster to set-up/disassemble and does not reqiepoxy or curing time.

" Less pore uid is used since the cell is smaller.

128



REFERENCES CITED

Alharthy, N. S., Nguyen, T., Teklu, T., Kazemi, H., and Graves, R 2013. Multiphase
Compositional Modeling in Small-Scale Pores of Unconvertial Shale Reservoirs. Pa-
per presented at the SPE Annual Technical Conference and Ekition, New Orleans,
Louisiana, USA, 30 September- 2 October. SPE 166306-MS.

Algahtani, A. 2015. The Role of Rock Composition, Organic Matter and Rock Fabric as
Controlling Factors for Acoustic and Geomechanical Characteristics of Orgaic-rich Shales
Ph.D. thesis, Colorado School of Mines.

Ambrose, R. J., Hartman, R. C., and Akkutlu, 1. Y. 2010. Multi-component Sorbed-phase
Considerations for Shale Gas-in-place Calculations. Paperesented at the SPE Produc-

tion and Operations Symposium, Oklahoma City, Oklahoma, USA27-29 March. SPE-
141416-MS.

Baig, M. Z., Van Laer, P., Leyrer, K., Makrachev, G., Almarzoqji, H., Alsuwaidi, S., Raina,
I., and Dasgupta, S. 2017. Assessing Reservoir Quality of tBéyab Source Rock in UAE.
Paper presented at the Abu Dhabi International Petroleum Exlibition Conference, Abu
Dhabi, UAE, 13-16 November. SPE-188433-MS.

Barsotti, E., Tan, S. P., Saraji, S., Piri, M., and J., C. 2016. A Review on Capillary
Condensation in Nanoporous Media: Implications for Hydrochon Recovery from Tight
Reservoirs.Fuel, 184: 344{361.

Bowers, G. L. 1995. Pore Pressure Estimation from Velocity dda: Accounting for Over-
pressure Mechanisms Besides Compactio8PE Drilling and Completions 10(02).

Bui, B. T., Liu, H. H., Chen, J., and Tutuncu, A. N. 2016. E ect of Capillary Condensation
on Gas Transport in Shale: A Pore-Scale Model StudysPE Journal 21(02): 601{612.

Bui, B. T. and Tutuncu, A. N. 2014. Rock- uid Interaction Impact on Geomechanical and
Acoustic Properties of Shale Reservoirs: Anisotropic Grainddtact Adhesion Model. Pa-
per presented at the Unconventional Resources Technologyr@erence, Denver, Colorado,
USA, 25-27 August. URTEC-1921938-MS.

Bui, B. T. and Tutuncu, A. N. 2015. E ect of Capillary Condensation on Geomechanical and
Acoustic Properties of Shale FormationsJournal of Natural Gas Science and Engineering
21(02): 1213{1221.

129



Chen, J., Mehmani, A., Li, B., Jin, G., and Georgi, D. 2013. Estimtion of Total Hydro-
carbon in the Presence of Capillary Condensation for Uncomtenal Shale Reservoirs.
Paper presented at the SPE Middle East Oil and Gas Show and Cterence, Manama,
Bahrain, 10-13 March. SPE-166306-MS.

Chen, J., Zhang, J., Jin, G., Quinn, T., Frost, E., and Chen, J. 2@ Capillary Condensa-
tion and NMR Relaxation Time in Unconventional Shale Hydrocarbn Resources. Paper
SPWLA-2012-186 presented at the SPWLA 53rd Annual Logging Symgiam. Paper pre-
sented at the SPWLA 53rd Annual Logging Symposium, Cartagenaolumbia, 16-20
September. SPWLA-2012-186.

Civan, F., Rai, C. S., and Sondergeld, C. H. 2011. Shale-Gas Peability and Di usiv-
ity Inferred by Improved Formulation of Relevant Retentionand Transport Mechanisms.
Transport in Porous Media 86(3): 925{944.

Clarkson, C. R. and Haghshenas, B. 2013. Modeling of Supetical Fluid Adsorption on
Organic-Rich Shales and Coal. Paper presented at the SPE Uneentional Resources
Conference, The Woodlands, Texas, USA, 10-12 April. SPE-16258!S.

Curtis, M. E., Ambrose, R. J., and Sondergeld, C. H. 2010. Strugtal Characterization
of Gas Shales on the Micro- and Nano-Scales. Paper presentetha Canadian Uncon-
ventional Resources and International Petroleum Conferea, Calgary, Alberta, Canada,
19-21 October. SPE-137693-MS.

Didar, B. R. and Akkutlu, I. Y. 2013. Pore-Size Dependence of Rl Phase Behavior and
the Impact on Shale Gas Reserves. Paper presented at the SPEefnational Symposium
on Oil eld Chemsitry, The Woodlands, Texas, USA, 8-10 April. SE-164099-MS.

EIA. 2014. Annual Energy Outlook 2014 with Projections to 2040Technical report, U.S.
Energy Information Administration.

Espsito, R. O., Tavares, F. W., and Castier, M. 2005. Phase Hidjibrium Calculations
for Con ned Fluids, Including Surface Tension Prediction Mdels. Brazilian Journal of
Chemical Engineering 18(01): 27{37.

Fathi, E. and Akkutlu, I. Y. 2011. Lattice Boltzmann Method for Simulation of Shale Gas
Transport in Kerogen. Paper presented at the SPE Annual Tecltal Conference and
Exhibition, Denver, Colorado, USA, 30 October-2 Novemeber. $146821-MS.

Gelb, L. D., Gubbins, K. E., and Radhakrishnan, R. 1999. PhasSeparation in Con ned
Systems.Reports on Progress in Physic62(12): 1573{1659.

130



Gor, G. Y., Paris, O., Prass, J., Russo, P. A., Ribeiro, M., and Nmiark, A. V. 2013.
Adsorption of n-Pentane on Mesoporous Silica and Adsorbent f@emation. Langmuir,
29(27): 860148.

Gouth, F., Collell, J., and Galliero, G. 2013. Molecular Simaltion to Determine Key Shale
Gas Parameters, and Their Use in a Commercial Simulator for 8duction Forecasting.
Paper presented at the EAGE Annual Conference Exhibition irerporating SPE Europec,
London, UK, 10-13 June. SPE-164790-MS.

Gregg, S. J. and Sing, K. S. W. 1991 Adsorption, Surface Area, and Porosity Second
Edition. Ann Arbor, Michigan: Academic Press.

Gunther, G., Prass, J., Paris, O., and M., S. 2008. Novel Insighinto Nanpore Deformation
Casued by Capillary CondensationPhysics Review Letter101(8): 20{3.

Gurevich, B., Maraynska, D., de Paula, O. B., and PervukhinaV. 2010. A Simple Model for
Squirt-Flow Dispersion and Attentuation in Fluid-Saturated Granular Rocks. Geophysics
75(6): 109{120.

Hovorka, S. D. and Nance, H. S. 1994. Dynamic Depositional andfsaDiagenetic Processes
in a Deep-Water Shelf Setting, Upper Cretaceous Austin ChalkGulf Coast Association
of Geological Societies44: 269{276.

Javadpour, F., Fisher, D., and Unsworth, M. 2007. Nanoscale Gas Rlon Shale Gas
Sediments.Journal of Canadian Petroleum Technology46(10): 16{21.

Karimi, S. and Kazemi, H. 2015. Capillary Pressure MeasuremtelUsing Reservoir Fluids in
a Middle Bakken Core. Paper presented at the SPE Western Regal Meeting, Garden
Grove, California, USA, 27-30 April. SPE-174065-MS.

King, M. S. 1966. Wave Velocities in Rocks as a Function of Chges in Overburden Pressure
and Pore Fluid Saturants. Geophysics31(1): 50{73.

Li, B., Mehmani, A., Chen, J., Georgi, D. T., and Jin, G. 2013. TheCondition of Capillary
Condensation and Its E ects on Adsorption Isotherms of Uncorentional Gas Condensate
Reservoirs. Paper presented at the SPE Annual Technical Cenénce and Exhibition,
New Orleans, Louisiana, USA, 30 September- 2 October. SPE 1651M\8S.

Li, W., Wang, C., Shi, Z., Weli, Y., Zhou, H., and Deng, K. 2016. Théescription of Shale
Reservoir Pore Structure Based on Method of Moments Estiman. PLoS ONE, 11(3).

Li, Z., Jin, Z., and Firoozabadi, A. 2014. Phase Behavior and Adgation of Pure Substances

and Mixtures and Characterization in Nanopore Structures bpensity Functional Theory.
Society of Petroleum Engineers19(06): 1096{1109.

131



Liu, X., Vernik, L., and Nur, A. 1994. E ects of Saturating Fluids on Seismic Velocities in
Shale. Paper presented at the SEG Annual Meeting, Los Angel&alifornia, USA, 23-28
October. SEG-1994-1121.

Long, Y., Sliwinska, M. S., Drozdowski, H., Kempinski, M., PHiips, K. A., Palmer, J. C.,
and E., G. K. 2013. High Pressure E ect in Nanoporous Carbon Matials: E ects of
Pore Geometry. Colloids Surf a Physicochem Eng Aspe¢td37: 33{41.

Loucks, R. G., Reed, R. M., Ruppel, S. C., and Hammes, U. 2012. €gfrum of Pore Types
and Networks in Mudrocks and a Descriptive Classi cation frm Matrix-Related Mudrock
Pores. AAPG Bulletin, 96(6): 1071{1098.

Lowell, S., Shields, J. E., Thomas, M. A., and Thommes, M. 200€haracterization of Porous
Solids and Powders: Surface Area, Pore Size, and Densifyirst Edition. Dordrecht, The
Netherlands: Springer Netherlands.

Ma, Y., Chen, J. H., and Jamili, A. 2016. Adsorption and Capillary Cadensation in Hetero-
geneous Nanoporous Shales. Paper presented at the Unconwerdl Resources Technology
Conference, San Antonio, Texas, USA, 1-3 August. URTEC-243261S.

Martin, R., Baihly, J. D., Malpani, R., Lindsay, G. J., and Atwood, W. K. 2011. Un-
derstanding Production from Eagle Ford-Austin Chalk System Paper presented at the
SPE Annual Technical Conference and Exhibition, Denver, Cotado, USA, 30 October-2
Novemeber. SPE-145117-MS.

Maske, H. A., Gland, N., Johnson, D. L., and Schwartz, L. 2004. Gnalar Packings: Non-
linear Elasticity, Sound Propagation and Collective Relabon Dynamics. Physics Review
E, 70(061302).

Mavko, G. M. 1979. Frictional Attenuation: An Inherent Amplitude DependenceJournal
of Geophysical Researgt84: 4769{4776.

Mehmani, A., Prodanovic, M., and Javadpour, F. 2013. Multiscal, Multiphysics Network
Modeling of Shale Matrix Gas Flows.Transport in Porous Media 99(2): 377{390.

Monson, P. A. 2005. Recent Progress in Molecular Modeling of #arption and Hysteresis
in Mesoporous Materials.Journal of the International Adsorption Society 11(1): 29{35.

Morishige, K., Kawai, T., and Kittaka, S. 2014. Capillary Caxdensation of Water in Meso-
porous Carbon.Journal of Physical Chemistry 118(9): 4664{4669.

Morishige, K. and Nakamura, Y. 2004. Nature of Adsorption and Desption Branches in
Cylinderical Pores. Langmuir, 20(11): 4503{4506.

132



Murphy, W. F. 1982. E ects of Microstructure and Pore Fluids on the Acoustic Properties
of Granular Sedimentary Media Ph.D. thesis, Stanford University.

Murphy, W. F. 1984. Acoustic Measures of Partial Gas Saturatiom Tight Sandstones.
Journal of Geophysical Researcl89(13): 11549{11559.

Murphy, W. F., Winkler, K. W., and Kleinberg, R. L. 1986. Acoustic Relaxation in Sedi-
mentary Rocks: Dependence on Grain Contacts and Fluid Saturan. 51(9): 757{766.

Naumov, S., Valiullin, R., Monson, P. A., and Karger, J. 2008. Ribing Memory E ects in
Con ned Fluids Via Di usion Measurements. Langmuir, 24(13): 6429{6432.

Nelson, P. H. 2009. Pore-Throat Sizes in SandstoneSAPG Bulletin, 93(3): 329{340.

Nojabaei, B., Johns, R. T., and Chu, F. 2013. E ect of Capillary Pessure on Phase Behavior
in Tight Rocks and Shales.SPE Reservoir Evaluation Engineering16(3): 281{289.

O'Connell, R. J. and Budiansky, B. 1974. Seismic Velocities & Dry and Saturated Cracked
Solids. Journal of Geophysical Researglv9(35): 5412{5426.

Palmer, I. D. and Traviolia, J. L. 1980. Attenuation by Squirt Flow in Undersaturated Gas
Sands. Geophysics45(12): 1780{1792.

Parsa, E., Yin, X., and Ozkan, E. 2015. Direct Observation of # Impact of Nanopore Con-
nement on Petroleum Gas Condensation. Paper presented at¢ SPE Annual Technical
Conference and Exhibition, Houston, Texas, USA, 28-30 Septeetb SPE-175118-MS.

Pendersen, K. S., Christensen, P. L., and Shaikh, J. A. 200Phase Behavior of Petroleum
Reservoir Fluids Second edition, Boca Raton, Florida: CRC Press, Taylor Frais Group.

Peselnick, L. and Outerbridge, W. F. 1961. Internal Frictionn Shear and Shear Modulus of
Solenhofen LimestoneJournal of Geophysical ResearGl66(2).

Rahmanian, M., Aguilera, R., and Kantzas, A. 2012. A New Uni ed Dusion-Viscous-
Flow Model Based on Pore-Level Studies of Tight Gas FormatisnSociety of Petroleum
Engineers 18(01): 38{49.

Rowlinson, J. S. and Widom, B. 1982Molecular Theory of Capillarity. First edition. Oxford,
Oxfordshire: Clarendon Press.

Roy, S., Raju, R., Chuang, H. F., Cruden, B. A., and Meyyappan, M2003. Modeling Gas

Flow through Microchannels and NanoporesJournal of Applied Physics 93(8): 4870{
4879.

133



Sandoval, D. R., Yan, W., Michelsn, M. L., and Stenby, E. H. 2016The Phase Envelope
of Multicomponent Mixtures in the Presence of The Phase Enlape of Multicomponent
Mixtures in a Capillary Pressure Di erence.Industrial Engineering Chemistry Research
55(22): 6530{6538.

Sangwichien, C., Aranovich, G. L., and Donohue, M. D. 2002. Dsity Functional The-
ory Predictions of Adsorption Isotherms with Hysteresis Loay Colloids and Surfaces.
Physicochemical and Engineering Aspect206(1): 313{320.

Satik, C., Horne, R. N., and Yortsos, Y. C. 1995. A Study of Adsotmpn of Gases in
Tight Reservoir Rocks. Paper presented at the SPE Annual Teofcal Conference and
Exhibition, Dallas, Texas, USA, 22-25 October. SPE-30732-MS

Seigh, S. K., Sinha, A., Deo, G., and Singh, J. K. 2009. Vaporduid Phase Coexistence,
Critical Properties, and Surface Tension of Con ned Alkaneslournal of Petroleum Chem-
istry, 113(17): 7170{7180.

Shapiro, A. A. and Stenby, E. H. 1996. E ects of Capillary Forceand Adsorption on Reserves
Distribution. Paper presented at the SPE European Petroleua Conference, Milan, Italy,
22-24 October. SPE-36922-MS.

Shapiro, A. A. and Stenby, E. H. 1997. Kelvin Equation for a Non-iglal Multicomponent
Mixture. Fluid Phase Equilibrig 134(1-2): 87{201.

Shapiro, S. A. 2003. Elastic Piezosensitivity of Porous andd€ttured Rocks. Geophysics
68(2).

Sigal, F. R. 2013. Mercury Capillary Pressure Measurements Barnett Core. SPE Reservoir
Evaluation Engineering 16(04): 432{442.

Sing, K. and Williams, R. 2012. Historical Aspects of Capillaty and Capillary Condensation.
Micro-pore Meso-pore Mater 154: 16{18.

Sondergeld, H. C., Ambrose, J. R., and Rai, S. C. 2010. Micro-8ttural Studies of Gas
Shales. Paper presented at the SPE Unconventional Gas Comigce, Pittsburgh, Penn-
sylvania, USA, 23-25 February. SPE-131771-MS.

Spencer, J. W. 1981. Stress Relaxations at Low Frequencies iruill Saturated Rocks,
Attenuation and Modulus Dispersion. Geophysical Research Lettey$886(3): 1803{1812.

Tan, S. P. and Piri, M. 2015. Equation-of-State Modeling of Gn ned-Fluid Phase Equilibria
in Nanopores.Fluid Phase Equilibrig 393: 48{63.

134



Tanchoux, N., Trens, P., Maldonado, D., Di Renzo, F., and Fajal, F. 2004. The Adsorption
of Hexane Over MCM-41 Type Materials.Colloids and Surfaces A: Physicochemal and
Engineering Aspects246(1-3): 1{8.

Tarazona, P., Marconi, M. B. U., and Evans, R. 1987. Phase Edibiria of Fluid Interfaces
and Con ned Fluids Non-local versus Local Density FunctionalMolecular Physics 60(3):
573{595.

Teklu, T. W., Alharthy, N., Kazemi, H., Yin, X., Graves, R. M., and AlSumaiti, A. M.
2014. Phase Behavior and Minimum Miscibility Pressure in Napores. SPE Reservoir
Evaluation Engineering 17(03).

Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P., Rodrigug-Reinoso, F., Rou-
querol, J., and Sing, K. S. W. 2015. Physisorption of Gases, WiSpecial Reference to
the Evaluation of Surface Area and Pore Size DistribtionPure and Applied Chemistry
87(9-10): 1051{1069.

Thomson, W. 1871. On the Equilibrium of Vapor at a Curved Surfee of Liquid (Lord
Kelvin). Philosophical Magazing(42): 448{452.

Tittmann, B. R., Clark, V. A., Richardson, J. M., and Spencer, T.W. 1980. Possible
Mechanisms for Seismic Attenuation in Rocks Containing a Satt Amount of Volatiles.
Journal of Geophysical Resear¢l85(B10): 5199{5208.

Tutuncu, A. N. 1992. Velocity Dispersion and Attenuation of Acoustic Waves in Granular
Sedimentary Media Ph.D. thesis, University of Texas at Austin, Austin, Texas.

Tutuncu, A. N., Podio, A. N., and Sharma, M. M. 1993. E ect of Macro Fractures on
Acoustic Properties of Rocks. Paper presented at the SEG Annusleeting, Washington
DC, USA, 26-30 Deptember. SEG-1993-0765.

Tutuncu, A. N. and Sharma, M. M. 1992. The In uence of Fluids on Gain Contact Sti ness
and Frame Moduli in Sedimentary RocksGeophysical Journgl57(12): 1571{1583.

Umeda, K., Li, R., Sawa, Y., Yamabe, H., Liang, Y., Honda, H., MurataS., Matsuoka,
T., Akai, T., and Takagi, S. 2014. Multiscale Simulations of Rlid Flow in Nanopores for
Shale Gas. Paper presented at the International Petroleume€hnology Conference, Kuala
Lumpur, Malaysia, 10-12 December. IPTC-17949-MS.

Vahrenkamp, V. C., Van Laer, P., Franco, B., Celentano, M. A., @&laud, C., and Razin, P.
2015. Late Jurassic to Cretaceous Source Rock Prone IntraeBhBasins of the Eastern
Arabian Plate - Interplay between Tectonism, Global Anoxic Eents and Carbonate Plat-
form Dynamics. Paper presented at the International Petreum Technology Conference,
Doha, Qatar, 6-9 December. IPTC-18470-MS.

135



Walton, J. P. R. B. and Quirke, N. 1989. Capillary Condensationa Molecular Simulation
Study. Molecular Simulation 2: 361{91.

Wang, H., Seltzer, S. J., Sun, B., Stallmach, F., Li, B., Thern, H.Mezzatesta, A., Arro,
R., and Zhang, H. 2016. An NMR Experimental Study and Model Valigtion on Capil-
lary Condensation of Hydrocarbons Con ned in Shale Gas Conagate Reservoirs. Paper
presented at the SPE Annual Technical Conference and Exhimh, Dubai, UAE, 26-28
September. SPE-181652-MS.

Whitson, C. H. and Bruke, M. R. 2000. Phase Behavior Volume 20. SPE Monograph Series,
Richardson, Texas.

Winkler, K. W. 1983. Contact Sti ness in Granular Porous Materals, Comparison Between
Theory and Experiments. Geophysical Research Letteyd0(11): 1073{1076.

Winkler, K. W. 1985. Dispersion Analysis of Velocity and Attenation in Berea Sandstone.
Geophysical Research Lettey®0(B8): 6793{6800.

Winkler, K. W. and Nur, A. 1979. Pore Fluids and Seismic Attenuatia in Rocks.Geophysical
Research Letters6(1).

Wyllie, M. R., Gregory, A. R., and Gardner, L. W. 1956. An Experimetal Investigation of
Factors A ecting Elastic Wave Velocities in Porous Media.Geophysics23(2): 459{493.

Xiong, Y., Winterfeld, P. H., Wu, Y., and Huang, Z. 2014. Coupled Gewnechanics and
Pore Con nement E ects for Modeling Unconventional Shale Reervoirs. Paper presented
at the Unconventional Resources Technology Conference, Den Colorado, USA, 25-27
August. URTEC-1923960-MS.

Yu, W., Sephernoori, K., and Patzek, T. W. 2016. Modeling Gas Adsption in Marcellus
Shale with Langmuir and BET Isotherms.SPE Journal, 21(02).

Zarragoicoechea, J. G. and Kuz, A. V. 2004. Critical Shift of a Goned Fluid in a Nanopore.
Fluid Phase Equilibrig 200(1): 7{9.

Zhang, X., Xiao, L., Shan, X., and Guo, L. 2014. Lattice Boltzmam Simulation of Shale
Gas Transport in Organic Nano-PoresScienti ¢ Reports, 4(4843).

136



	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols
	List of Abbreviations
	Acknowledgments
	Dedication
	Dedication
	Introduction
	Shale Properties
	Capillary Pressure in Shale
	Effects of Confinement and Implications
	Objectives
	Scientific Contribution of Research
	Organization of Thesis

	Literature Review
	Nanopore Confinement
	Adsorption Isotherm
	Phase Behavior Change
	Effect of Capillary Condensation on Mass Transport
	Impact of Rock-Fluid Interaction on Acoustic Properties

	Wave Propagation in Tight Formation and Model Development
	Acoustic Velocity Modeling
	Grain Contact Model
	Critical Radius Determination 
	Mathematical Formulation
	Determination of Contact Radius and Separation Distance
	Determination of Fluid Properties

	Reservoir Characterization
	Austin Chalk Reservoir
	Diyab Unconventional Reservoir 
	Comparison to US Shale Reservoirs
	Crushed Core Analysis of Diyab Reservoir
	Gas-in-Place Estimation for Diyab Reservoir
	Geomechanical Characterization


	Experimental Investigation
	Experimental Facility Design
	Core and Sample Preparation
	Evolution of Experimental Process
	Experimental Procedure
	Calibration

	Results and Discussion
	Pore Size Characterization
	Nitrogen Gas Adsorption
	Mercury injection

	Methane Adsorption Potential and TOC
	Diyab Geomechanical Experiment
	Model Validation
	Effect of Capillary Condensation
	Change in Acoustic Properties
	Change in Mechanical Behavior


	Conclusions and Future Study Recommendations
	Summary and Remarks
	Recommendation for Future Work


