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ABSTRACT

The phase behavior of reservoir fluids ight/shale reservoirsan be dramatically altered from
the bulk phase behavior due to thesg capillarity and confinement effects introduced by the
confined nanopores found in the unconventional reservidiexeforean accurate descriptiori o
the phase behavior of reservoir fluitisunconventional reservoisannot be obtained frothe
conventional multiphase equilibrium calculation algorithwiihen a high capillary pressure is
present in nanoporelloreover, due to the shift of reservoir fluigghase behavior in nanopores,
the miscibility between the reservoir fluids and the injection gas becomes differenthxbim
the bulk conditions.Consequently, the compositional reservoir simulatibat uses the
conventional phase behavior calculatrondelwill result in unreliable outpgtwhen it is used to
simulate tight/shale reservoirgherefore, calculation algoritherthat can capture the effeabf
capillarity and confinemenbn the multiphase equilibriumand oitgas minimum miscibility

pressurdMMP) in nanoporegareneeded.

This thesis aims to minimize the difference betweemthikiphase equilibrium calculation results
and the results obtained from experiments. fhesisfirst employs a modified Younbgaplace
equation proposed by Tan andiP2015) and coupkit with thePengRobinson equation of state
(PREOS) model (Peng and Robinson, 1978)en, the eperimental data of phase transitson
confined nanoporeare collected from literature talevelop thea-correlationsin the modified
YoungLaplace equatiorfor pure hydrocarba and mixtures The phase behavior results

calculated using the proposed algorithm are validated by the experimental data.

Efforts are also made to develop a robust and comprehensivetiase equilibrium calculation

algorithm package that camliably predict thethreephase equilibriaof reservoir fluids in



nanopores wh two capillary pressuie The two capillary pressusaefer to the capillary pressure
between the gas phase and the oleic phase as well as the capillary pressure between the oleic phase
and the aqueous phase. Tiew threephase equilibrium calculation algorithm is capable of
predicting theaqueousoleic-vapor threephase boundarfor a given mixture in nanoporeshe

results show that thequeousoleic-vaporthreephase envelope in confined nanopores ajgiear

be different from the one in bulk conditions. This is the first modeling study investigatinigveow

capillary pressures affect thgueousoleic-vaporthreephase equilibria in nanopores.

Another task of this thesis is to improve the prediction of MMP of crude oil being displaced by
carbon dioxide (Cg) in nanopores byouplingthe capillarity and aafinement effect into the
modified Multiple Mixing-Cell (MMC) method (Ahmadi and Johns, 201A)stateof-artvolume
translatiormodelis usedn thePR-EOS model for a better prediction of phase densities. This work
also proposes aimple MMP calculation strategyhat considerghe pore size distributiorof
tight/shale coredJsing the developed MMC code, we investigate how nanopore size, pore size

distribution, and temperature influence the MMP betweep &1@ crude oil.

The last work ofthis thesis isto develop a modifiedtell-to-cell methodthat can be used to
simultaneously calculate MMP and oil recovery factors during the gas flooding procass in
confined spacdn this work, the originatell-to-cell method proposed by Metcadf al (1973) is
coupled withthe capillary-pressurenodelandthecritical point shift mode{Tanet al, 2019) The
advantage of thisell-to-cell simulation model (Metcalfet al, 1973)over the MMCmethod
developedy Ahmadi and Johns (2011) is thia¢ celtto-cell modelmimics the physical-D gas
displacement process. MMP as well asfihal oil recovery factor can be obtained through the

modified cell-to-cell calculation algorithm
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A version ofChapter 2 has been published &sin, H. and Li, H. 2020. Phase Behavior Modeling

of Hydrocarbon Fluids in Nanopores Using-ERS Coupled with a Modified Yourgaplace
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CHAPTER 1 INTRODUCTION

1.1.Research Background

Tight/shale reservoifsave beemrontribuing more oil/gas productions in the last several decades.
A common feature is shared inch reservoirs: abundancedanfined nanoporet is found that

the nanopores in shale reservoirs have diameters rafigmg to 1000 nm (Wanet al., 2009;
Loucksetal., 2009). The capillary pressure, which is generally neglected in conventional reservoir
modeling, could be large enoughrian@ores to posa noticeable impact on thghase behavior
(Brusllovsky, 1992; AFRub and Dattal999; Nojabaett al, 2013), headsorption behavior (Ping

et al, 1996; Jin and Firoozabad016), andhe flow dynamics of reservoirs fluids (van Dijla

al., 2001; Hustad and Browning, 2010; Moortgat and Firoozabadi, 2013; #/ahg?013; Dong,

2014).

Many researchre havestudied the effect of the capillary pressure on npliase equilibrium
calculations and found that the vagiguid equilibria are greatly altered due to the capillarity
effect Brusllovsky, 1992; AFRub and Datta1999; Hamadeet al, 2007; Qiet al., 2007,
Firinciogluet al, 2012; Panget al, 2012; Wanget al, 2013; Sandovatt al, 2019. Specifically,

the bubble point pressure is decrebsgnile the dew point pressure is increased in confined
nanopores at a fixed temperaty&rusllovsky, 192). More recently,Nojabaeiet al. (2013)
investigated the effect of capillary pressure on the shifting of the entirpliase envelope for
hydrocarbon mixture. They have comehe conclusion thatdue to the strong capillarity effect,
the dew point presure is decreased when the bulk pressure is lower than the critemnaepbint,

while it is increased when the bulk pressure is higher than the cricondentherm point.



While most of the studies so far focus on the-phase equilibrium calculations in r@pores,
threephase equilibrium in nanopores are atsmmmonly encounteredlue to waterpresence
(Wonget al, 2000; Liet al, 2008; Iwereet al, 2012; Liet al, 2015) Numerical simulation studies

on threephase equilibrium calculations in tight/shale reservoirs have been conducted with the
effect of capillary pressure (van Dijlat al., 2001; Hustad and Browning, 2010; Moortgat and
Firoozabadi, 2013; Dong, 2014). comnon finding in their research is that the large capillary
pressures between the vapor, aqueous, and oleic phases reduce the final oil irreoa@iyvet
formation However, these studies focus the fluid dynamics in the reservoir instead of static
threephase equilibrium in nanopae Later, several studies touched on the tmease
equilibrium calculations in nanopores (Siripatracttail, 2017; Neshagt al, 2018).Siripatrachai

et al. (2017) modified the negative flash algorithm and coupled it with capillary pressure. They
found that the oil recovery is incregin a waterwet formation.Neshatet al (2018)calculated

the capillary pressure between the vapor and oleic phases useguation of connate water
saturation. Then the equation is implemented in thegiaase equilibrium calculatisro include

the effect of water and capillary pressure on-phasesquilibriain nanopores. They also observed
reductions of the bubble poiahd dew point pressure at a fixed temperature (Nesladht 2018).
Nevertheless, this study is performed on a basis opivase equilibrium calculatisnneglecting

that the presence of the aqueous phase might affect the fugqudlity conditionduring the

calculations

With more attention paid to the gagectionenhanced oil recoverfEOR) method in tight/shale
reservoirsjt is necessary to describe the-gdsminimum miscibility pressureMMP) accurately
in nanopores. The conventional ways of determining thg@asl MMP includeexperimental

studies (Rathme#t al, 1971; Yellig, 1982Christiansen antaines 1987; Randall and Bennion,



1988; Rao, 1997; Nguyest al, 2015, empirical correlabns (Holm and Josendal, 1974; Lee,
1979; Mungan, 1981; Orr and Jensen, 1984; Shokir, 2007; ZareNezhad, 2@1@&l|.2012;
Ahmadiet al, 2017), and computational simulations (Johns and Orr, 1996; Wang and Orr, 1997,
Ahmadi and Johns, 201 Nlany of these methods have been modified recently to reflect the effect
of nanopores on the ejjas MMP in tight/shale reservoir&amadiet al (2013) used real
tight/shale core samples in coreflood $¢stmeasure the olLO, MMP in tight/shale reservoirs.
They observed that the oil recovery increases significanth increasing injection pressure up to

the 0itCO, MMP. Several other studies applied this modification on the coreflood test and reached

similar results (Zhangral Gu, 2015; Let al, 2017; Liet al, 2018).

Computational MMP calculation methods are less expensive and much faster in determining the
oil-gas MMPs in nanopores compared to experimental metfiaddu et al (2014) coupled
capillary pressure and atical point shift mode(Zarragoicoechea and Kuz, 200d}he multiple
mixing-cell model (Ahmadi and Johns, 2011) and found that thgasilMMPs are reduced in
nanopores compared to the bulk MMBhlanget al (2017a) coupled the effect nAnopores in
PengRobinson equation of state (FFOS) (Peng and Robinson, 1976) and calculated the
confined oitgas MMP using the vanishing interfacial tension (IFT) mddlé.found that the oil

gas MMP in nanopores is reduced compared to thedmdkZhanget al. (2017b) applie@similar

method and observethincreasing confined ejas MMP with an increasing temperature.

1.2Problem Statement

The following technical problems are required to be addressed in this thesis:

1 When conducting the multiphasejuglibrium calculatios that consider the capillarity

effect, the assumptions made during calculatiann d t he al gorithmoés



considering adsorption often weakens the accuracy of the results. It is proposed to
implement a tuning parameteto adiress this issue. However, due to the severe lack of
experimental data, the tuning paramedefior hydrocarbonmixtures cannot be readily
obtained

1 Itis common to encounterthreephase fluid system (aqueeakeic-vapor) in nanopores
of tight/shale reservoirs. The large capillary pressure induced by nanopores may alter the
threephaseequilibria of the reservoir fluid in a significant manner However, the
conventional threphase flash calculation does rminsiderthe effect oftwo capillary
pressurson the thregohase equiliba.

1 The MMC method (Ahmadi and Johns, 2pLsed to calculate €O, MMP becomes
invalid when it is used to predict MMP in tight/shale reservoirstdugtrong capillarity
and confinement effest Currently, there is no comprehensive model that considers the
effectsof capillarity, confinementnd pore size distributian oil-CO, MMP calculations

1 The original MMC method (Metcakét al, 1973) can pdict the variation trend obil
recovery factoversus pressur@nd MMP during a gas flooding process. However,nois
appropriate foMMP calculations fortight/shale reservoiras it does not consider the

confinement effect in nanopores

1.3Research Objectives

The objective of this research is to develop robust and efficient algorithms for multiphase
equilibrium and miscibility calculati@in nanopores. The effects of capillarapd confinement

are considered in this research. In order to accomplish this task, thdesimodnd longerm

objectives are provided as follows:

Shortterm objectives:



1 Improve the accuracy of twphase flash calculation coupled with capillary pressuare o
predicting twephase equilibrium in confined space by implementing a modified Y-oung
Laplace equation (Tan and Piri, 2015fhe PR-EOS model

1 Develop a thre@hase equilibrium calculation algorithm that considéres capillarity
effect in nanopores

1 Dewelop arobustoil-CO, MMP calculation algorithm that couples the effect of capillarity,
confinementand pore size distribution

1 Develop a modified MMC method thean be used to simultaneously calculate MMP and

oil recovery factas duringthegas flooding process mconfined space

Long-term objective:

1 Implement the proposed algorithms into compositional reservoir simulatistdostudy

the effect of capillarity and confinement on oil recovery in tight/shale reservoirs

1.4ThesisStructure

This thesis is a papdrased thesiand a totabf six chapters are preseniadorganized as follows:

Chapter 1 introducesthe basic research background, as well as the problem statement and the
major research objectivels Chapter 2, thePR-EOS model (Peng arRbbinson 1976) is coupled

with a modified Young.aplace equation (Tan and Piri, 2015) to improve the accuracy of the
vaporliquid equilibrium calculation of hydrocarbons in confined nanopores. Correlations of the
tuning parametesfor six pure hydrocarbon substances and two binary hydrocarbon mixtures are
also developed. II€hapter 3, a new threghase pressutemperature (H) flash calculation
algorithm is proposed. The effect of capillarity is coupled in the proposed algontbrder to

reflect the effect of confined nanopores on the tHpiegse equilibriuncalculationsgn tight/shale



reservoirs.In Chapter 4, a new MMP calculation algorithm is developed to predict thead

MMP in confined nanopores. The MMC method (Ahmadlil dohns, 2011) is coupled with the
effects of capillarity and confinement. A mixing rule is proposed to calculate the confirgaboll

MMP if the pore size distribution is considered for a real tight/shale formatic@hapter 5, a

confined MMP calculatin algorithm based on the original e&icell simulation model (Metcalfe

et al, 1973) is developed to estimate thegas MMP in tight/shale reservoirshe effects of
temperature, pore radiuand injection gas impurity are studied detail. Finally,Chapter 7
summarizes the conclusions highlighted from the present research and the recommendations for

future work.
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Abstract

The effect of capillary pressure on the vapguid two-phase equilibrium calculation has been
extensively studied for the pasto decads. Howeverthe calculatioraccuracys oftenweakened

by the false assumptions and inherent flaws present imtueling process. In this work, a
modified YoungLaplace equatioproposedby Tan and Piri is coupled with volurtenslated
PengRobinson equation of statPR-EOS to dudy the effect of capillary pressure on the two
phase equilibrium calculation in confined nanopores. In order to successfully apply the modified
YoungLaplace equation during the vagaquid equilibrium calculation process, this study
models the tuninggrameter-in the modified Young_aplace equatiofas proposed by Tan and

Piri for perturbedchainstatistical associating fluid theoeguation of state (RSAFT EOS))for
severalpure hydrocarbonsandtheir mixtures by matching experimental datalectedfrom the
literature. The tuning parametacan be expressed as a unique function for each pure substance
or mixture. It is found that the tuning paramesshows a quadratic polynomial relationship with
temperature, and the valueaik alwaysl ess t han one. The & can bec
circumstances, which adjusts the capillary pressure to a lower itahgeeases witlanincreasing

pore radiusthisis different from the results obtained by Tan and Piri which showed that thg tun
parametera- decreases with an increasing pore radius. The above rules apply to the tuning
parametem-obtainedfor both pure substans@and mixturs. Using the twephase equilibrium
calculation coupled with the modified Youh@place equation, the calated vapopressures for

pure substances and typbase boundaries for mixtures match very well with the experimental
data.Implementation of the modified Yousgplace equation greatly improves the accuracy of

the twophase equilibrium calculation consithg the capillarity effect. Such a modeling strategy
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could be integrated into a reservoir simulator to conduct more accurate flow simulations for

tight/shale reservoirs.

Keywords: Phase behaviorThermodynamic modeling, Twphaseflash Capillary presste,

Unconventional reservoir
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2.1.Introduction

Tight/shale reservoirs are featured wildnascalepores. It is well established that the confined
space in those nanopores introduces large capillary pressure which can pose a sigmifazant
on the phase behavior and flow dynamics of reservoir fftidperimental works and theoretical
approacheso describe the vapdiquid two-phase equilibrium in a confined space are thereby

developed to grasp an understanding of the reseftuairphase behavior inside nanopotés.

Saturation pressure curves of pure hydrocarbon components in confined nanopores are studied
experimentally in many research studi&®¥ The saturation pressure curves can be determined by
measuring the adsorptimolume of hydrocarbons at different temperatures in a nanomaterial such
as SBA15 or MCM41. It was found that the saturation pressures of hydrocarbons at given
temperatures are reduced significantly insidenamomaterial ¥4 Saturation pressures of
hydrocarbon mixtures inside confined space have also been studied experiniér@aliywt al®

used a novel higpressure differential scanning calorimeter (D¥%) measure the dew point
pressures at different temperatures for @eC. mixture in the naomaterial SBA15. This
apparatus is then later used to measure saturation pressugds ab@fined nanopore¥.it was

found that saturation pressures @fadd the @-Cz mixture significantly decreased because of the
strong capillarity effect in a confined spdcé Zhonget al® fabricated multiple nanochannels on

a microfluidic device and measured the dew point pressures f@#e mixture at different
temperaturemside the nanochannels. In the experiments, they all observed a dramatic reduction
of the dew point pressures for hydrocarbon mixtures because of the capillarity effect. Critical
points of some reservoir fluids are recently measured in nanopores to tieeeeffect of
confinement on criticapropertyshifts°2°In their works$®2° a micro DSC apparattfsvas used

to measure the critical points of two pure compone@@ @nd GHe) and one @C, mixture in
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the nanomaterial SBA5. They found that theritical pressures of the investigated fluids in
nanopores are greatly reduced from their bulk critical pressures. On the basis of the measured data,
they also developed a set of equations to calculate critical pressure/temperature shifts in the
confined spce. The criticapropertyshift model they developét®has a similar format as the

model proposed by Zarragoicoechea and®Kuz

Experiments are costly and tinsensuming. Theoretical works are thereby drawing more attention
over the years. One of tharéest worls that theoretically studied the capillarity effect on the
vaporliquid equilibrium in a porous medium was conducted by Bousky!. The author proposed

a new equation of sta{&OS)to couplethe effect of the capillary pressurgo the twephase
equilibrium calculation for hydrocarbon mixturd$e modeling results show ththe bubble point
bemmes lower thanthe bulk oneand the dew point pressure bews higher than the bulk one
when capillary pressure is consideredE@Scalculatiors.! In the following years, many research
studies have also suggested that the vlqoid equilibria aregreatly affected by the capillary
pressure in nanoporés$??® The deviation of the entire twphase envelope from the bulk
condition due to capillary pressure in nanopores was studied by Nogtsel they found that

the dew point pressure increas@ the upper dew point branclat( pressuresabove the
cricondenthan point), but decreases the lower dew point branchat( pressurebelow the
cricondentherm point). Moreoviethe vapodiquid equilibrium is not affected by confined
nanopores at the critical point because the capillary pressure reaches zero atahpairit? The
above findingsoncur with a later work bgandovakt al?’ Rezaveiset al?® performed multiple
two-phase flash calculatigrcoupled with capillary pressure and concluded that there exists a
maximum capillary pressure at each temperature above whetwo-phase equilibrium is not

possible.
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Apart from simply coupling the capillary pressuréoithe vapodiquid equilibrium @lculation,

other methods have also been developed to improve the accuracy of {pleaseoequilibrium
descriptionin confined nanopores. Zarragoicoechea and®Kadeveloped an analytical model to
calculate the critical property shift because of the cemfient effect in nanopores. This model
assumes a neutral wall. The effect of adsorption on the critical property shift is thereby not
reflected in this model. They compared their modefiegults againsthe experimental data of
critical point shift in nanpores for several pure substancesasobserved that this model offers

a better fittingto the experimental data when the pore radius is relatively large. When the pore
radius is relatively small, the multilayer adsorption may affect the shift ofrifieatproperties
significantly in experiments, while Wwas notconsideredn the proposed modét.This results in

a poor agreement between the modeling results and the experiment data when the pore radius is
small. Nevertheless, this method is coupledeveral research to study the combined effect of
capillarity and confinement on the multiphase equilibrium in nanop&fésn 2010, Travalloni

et al®*2 modified the van der WaaBOSby adding an additional term and they predictstift in

the twophase critical point because of the capillarity effect. The additional term is a function of
pore radius, potential width, and potential energy between the pore wall and fluid molecules. The
most significant advantage of this method is that the phasébemum predicted by this model in
nanopores can be reduced to the mkwhen the pore radius approaches infinity. This is not
featured in the model proposed by Zarragoicoechea antt.Kurthermore, the model proposed

by Travalloniet al3? can also bémplemented in the most widely used Pdtapinson EOSPR
EOS)Y3. Panget al3* took the effect of porous media into account during the wigaid
equilibrium calculation in nanoporeshey employed the BlakiKkozeny model to calculate the

tortuosity fator of porous media and then calculated the pore radius using the tortuosity factor,
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permeability, and porosity. It was concluded that the effect of porous media on tpbase
equilibrium calculation is significant and cannot be neglected when theadites is less than

1000 nm. Jin and Firoozabadioupled both capillary pressure and surface adsorption into the
vaporliquid equilibrium calculation. A deviation of the twahase boundaries from its bulk
condition due to capillary pressure and surfas®gation was observed in their study. They further
concluded that the effect of surface adsorption on the sMapod equilibrium in nanopores is
insignificant, compared to the effect of the capillary pressure, when the pore radius is larger than
10 nm. More recently, another modifisR-EOS® is proposed to account for the interaction
between pore walls and fluid molecules in nanopdtéis.this model, the molar volume term in

PR EOS%is modified to be a function of the effective molecule volume coefficient and the ratio
of the fluid molecule radius to the confined nanopore radius. This model takes into account the
fluid adsorption and effective molar volume of the confined nanopbeciiticalpropertyshifts

for pure substances calculated by this model match the experimental data fairly well. It was seen
in this study that the degree of the critical temperature shift due to the confined nanopore increases
linearly with a decreasingpore radius, while the degree of the critical pressure shift due to the
confined nanopore increases quadratically veittecreasing pore radid$.Nevertheless, this

method is computationally expensive.

Recently, by introducing an empirical parametering parameter; Tan and Pif® modifiedthe
YoungLaplace equatiofor more accurate modelirgf confinedphase behaviof.hey developed
correlations of the tuning parametaifor several pure substances including nitrogen, carbon
dioxide, argon, oxygerkrypton, pentane, and hexare.their paper, they coupled the modified
YoungLaplace equation with the perturbelain statistical associating fluid theory equation of

state PG-SAFT EOSY’ to study the phase behavior of certain fluids in confined naeepiitey

19



also suggested a simple linear mixing rule to calcueftr mixtures using the-correlations
obtained forpure substances. However, their innovative work brs some issue3he a
correlations for pure substances in their wowere developed specifically to couple with the-PC
SAFT EOS’, which is more computationally demanding compared to other EOSs such as PR
EOS®. However, thea-correlations for pure substances developed in their work weke
applicable tosubcriticaltemperature. This can be sometimes troublesome when one applies the
linear mixing rule to calculate-for mixtures because the critical temperature of mixtures often
exceeds the critical temperature ssme individual components. Takg the binary mixture
methaneethane (14.98 mol% methane and 85.02 mol% ethane) as an exdémeplkitical
temperature of this binary mixture is 295.9 K, while the critical temperature of pure methane is
merely 190.&. In order to successfully utilizing the linear mixing rule#dculatesfor mixtures
suchas methanethane, the-correlation of pure methane under supercritical temperatures must
be developed. The-correlation under supercritical conditions exists as merely a parameter to
adjust the vapeliquid capillary pressre of mixturesit does not necessarily have any physical

meaning other than being a tuning constant.

This work aims to address the issue that the current CE&38d modeling method cannot well
reproduce the measured phase behavior in confined nanoppogted recently in the literature.

This issue can be visualizedhig. 2-1.
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Fig. 2-1. Dew point pressures of the binary mixture @ measured using a nanofluidic device
with nanochannefsand calculated from REOS® coupled with capillary pressure (withe
assumption of zero contact angle). The experimental data are retrieved from the study by Zhong
et al (2018)°

Fig. 2-1 gives an example afhedew-point-pressure curve for the binary mixturge-Cs calculated

by thevolume translated PEOS and measured in experiménihe black dots represent the dew
point pressures measured at different temper&tufég solid line and the dashed line represent
the dew point pressure curve calculated in bulk conditions aheé aonfined space, respectively.
PREOS® coupled with capillary pressure tends to overpredict dew point pressures at higher
temperatures andnderestimate dew point pressures at lower temperatures. This work is thus
devoted toimproving the accuracy othe vaporliquid equilibrium calculation in confined
nanopores byleveloping anew twophase flash calculation algorithm employing the commonly
used PREOS® and a modified Youndraplace equatiof® This paper extends and improves the

work of Tan and Piff by developing the-correlations for pure substances and mixtures that can
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be coupled with a more efficient EQ&mely,PR-EOS®. This studyalso calculates a correlation

of the tuning parametedfor pure methane under supercritical conditions. As mentioned previously,
the implementation of the modified Youh@place equatiorelies on the modeling of the tuning
parametep: To derive thexcorrelation forvarious hydrocarbongxperimental data are collected

from the literature, including capillary condensation data for pure hydrocarbons and dew point
pressure data for hydrocarbon mixsrgVefirst present the vapdiquid equilibrium calculéion
algorithmthat iscoupled with the modified Youngaplace equation. Then the tuning parameter

afor six pure substances and two mixtures is computed based on the collected experimental data.
Finally, the measured vapor pressures for pure substances and phase boundaries for mixtures are
compared against the calculated ones using the generalizegl panametes: The novelty of this

work is that this study empjs PREOS?in confined twephase equilibrium calculations instead

of PGSAFT®" used in the work of Tan and PfiThe motivation for doing so is that FFDS is

simpler and more straightfeard than PESAFT®, making it still the most commonly used EOS

in numerical simulations. Moreover, this work develagsorrelations for two hydrocarbon
mixtures to examine the application of the modified Youaglace equaticli to hydrocarbon

mixtures.This is not featured in the work of Tan and #iri

The rest of this paper is divided into four main sections. First, the methodology is presented. All
the main equations governing the #tplase equilibrium calculation and capillary pressure
calculation s presented. Thethe numerical algorithm ofhe flash calculation is presented in
detail. The next section presents all the -phase equilibrium calculation results for pure

substances and mixtures. Finally, all the major findings are summarizediartbkeisions section.
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2.2Methodology

A two-phase equilibrium can be determined by satisfying the chemical potential equality relation
atagiven pressure, temperature, and feed composhiona conventional twghase equilibrium,
theliquid phase has the same pressurthasapor phase. In confined nanopores, because of the
existence of capillary pressutlge pressure of the newetting phase (vapor phase) is larger than
the pressure of the wetting phase (liquid phase). The chemical potential equality condition can

therebybe modified ag®

~ ~

CbfiYe o ¢ OV o 0 pB i (2-1)

¢

-

where' is the chemical potential of thth component in the liquid phase, is the chemical
potential of thath component in the vapor phasgjs the pressure in the liquid phasg,is the
pressure in the vapor pha3as the system temperatuseis the liquidphase compositiory,is the
vaporphase composition, ardt is the number of components. The chemical potential equality

condition can then be readily translated into fugacity equality condttion:

~ o~ ~ o~ ~

QORYH o  QOAY Q pfB R (2-2)

where"Q is the fugacity of thé&h conponent in the liquid phase, aifd is the fugacity of théh

component in the vapor phase. In this work;BP®S* is employed to calculate the fugacity of

each component in each pha3e:

aE— OB — G p aid 6 ——— -B 0 &i——fQ pieEl (2-3)

whered is the mole fraction of thith component in any phas®, is the phase pressufa, is the

fugacity coefficient of théth component in any phaséjs the phase compressibility factor, and
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A andB are EOS constants. Provided that the pressures of the liquid phase and the vapor phase are

different in confined nanopores, the relation betm@ andPy is given as:

u 0 0 — (2-4)

whereP. is the capillary pressure across the equilibrating phasss$fT andrpis the pore radius.
Capillary pressure is calculated using the Youaglace equatioli with assumptions of equal
principle curvature radii and zero contact angle. The IFT between the liquid phase and the vapor

phase is calculated using the following Waig-Katz mode*®

B 0 wo— w— "Q pMB ) (2-5)

where, is the IFT between the liquid phase and the vapor pbasés the Parachor constant of

the ith component, and and” are the density of the liquid phase and the vapor phase,
respectively. Here the phase densities are calculated by volume transldE@SRvhich adopts

the volume translation method proposed by Abuddwal®’ and Abudouwet al*® 0 andd are
themolecular weights of the liquid phase and the vapor phase, respeabvahgw are the mole
fractions of thath component in the liquid phase and the vapor phase, respectively. In order to
achieve better accuracy in IFT predictions, an approagioged by Hugill and van Welsefitis

applied to calculate mixture Parachor constant. This approach can be expressed-8).Eq. (2

WQ0

0 B
0 B w®md (2-6)
0 e 0 0 Tc
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wherePcn andPchy are the Parachor of the liquid phase and the vapor phase, respeciyddy,
theinteractive parameténatneeds to be calculated usitgexperimental IFT data. It was shown
in the work of Hugill and van Welserf@shat the interactive parametér; tends to have a linear

relationship with temperature. The vagiguid IFT can be calculated using Eq-{R

, 0 B wo— 0 B w— (2-7)

The accuracy of predicting vapbquid IFT using Egs. (5)-(2-7) is validated below. The IFT

data for mixtures GCs and G-C; are collected from Weinaug and K&and Baidakowt al*>°

Then we calculate interage parameters at different temperatures usiegollected experimental

data. If there are more than one data point for each temperature, the average values of the
interactive parameter at each temperature are used to dewglaprrelations. Finallyyvapor

liquid IFTs are calculated usinthe volume translated PEOS and Egs. (B)-(2-7); the
calculation results are compared with the measured datad Tleerrelation developed for€C3

and G-C, systems is given in Eq.-®.

e 0 O T8t p PYm odoX ¢ Y

e 6 06 MIMiYY T8 @ WT (2-8)

Fig. 2-2 shows parity charts dfhecalculated and experimental IFT for-Cs andCs-Co. It is seen
from Fig. 2-2 thatthe volumetranslated PHEOS and Eqs. (B)-(2-8) offer acceptable accuracy

in reproducing the vapdiquid IFT for thehydrocarbon mixtures
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A combination of the YoungLaplace equatiofi and Weinaugkatz modet® with proper
prediction ottheParachor constant provides a simple and quick estimatibecdpillary pressure
present. Howeverthe capillary pressure calculated using this method does not necessarily
represent the true situation in confined nanopores. The assumption of zerd angkagreatly
weakens the correctness of the calculation results due to the fact that it is difficult for any reservoir
to reach a complete liqguiet condition. This assumption could make the calculation results less
reliable. Moreover, when this methadapplied to study the twphase equilibrium in confined
nanopores that have a pore radius less tham,@he adsorption effect can become significant,
leading to the creation of an adsorption layer and hence a reduction in pore Roliesadius
reduction is not considered in the original Youbaplace equatioll during the calculation of

capillary pressure.

In order to improve the accuracy of tphase equilibrium calculations in confined nanopores and
to mitigate the deviation of modeling resuftem experimental results, this work employs a
modified YoungLaplace equation proposed Bian and Pif®. The modified Youngd.aplace

equation is given belo@f

5 — (2-:9)

This new YoungLaplace equatioli modifies the original one bydding another term, i.e., the
tuning parametee: This tuning parameter could take into account both contact angle and the
reduction in the pore radius because of the adsorption effaet.@rrelation of the tuning
parameteecan be empirically developed by fitting the experimental capillary condensation results.
In this work, we first set the value of the tuning paramaterbe zero andalculatethe saturation

pressure of a given fluid atgiven temperature and pore rasliThen, we gradually change the
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value of the tuning parameteuntil the calculated saturation pressure matches precisely with the
measured one. After we obtain ta@aluesfor all the experimeat data points, curve fitting is
employed to generatesaorrelation It was previously suggested that the tuning paranadésrds

to be a function of temperature and raditiShe develope@-correlation can then be embedded
into the modified Yound.aplace equatiodnto improve the capillary pressure prediction

nanopores.

2.3.Numerical Algorithm

The twoephase equilibrium calculation algorithm coupled with a modified Yelmgace
equatiori® is constructed with an outer loop and an inner loop. The outer loop solvesefor
fugacity equality relation and updaté® tphase equilibrium ratidq), while the inner loop solves
the RachforeRice equation which can be derived from the material balance equation. The

RachfordRice equation is given &$:

. N z(k-1) i~ B ]
i61:1(yi %) _i?'(—lﬂ?y(ki _1)) & Q pt8 ho (2-10)

wherg is the vapor phase mole fraction, an the mixture feed composition.

To start the calculation procedure, the phase equilibrium ratio must be initialized using the Wilson

equation?

QN —Qobpdxp 1 p — Q phB H (2-11)

where0 is the critical pressure of thith component, is the acentric factor of théh

componentY is the critical temperature of thé component, andl is the system temperature.
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The phasequilibrium ratio is then fed into the inner loop to solve the RackRice equatiort
using the successive substitution method. By solving the RaeRioedequatioft, the phase
compositions and phase mole fractions can be obtained. The obtained assulien used to
calculate the capillary pressure using the modified Yedimgace equatioli and the developeat
correlations Then the component fugacitief,(fiy) are calculated to check for the fugaeity
equality condition. If the fugacitgqualitycondition is satisfied, then the calculation is stopped,
and the phase compositions and mole fractions are obtained. If the fugacity equality condition is
not satisfied, the phase equilibrium ratio is then updated using the calculated component fugacities
with the following equatiort®

£

ko't = K -~ "Q ph8 M (2-12)

g

wheren represents the current iteration amel represents the next iteration. The updated phase
equilibrium ratio is then used to solve the RachfBide equatiot and the entire calculation
procedure is repeated until the fugacity equality condition is satisfied. A flowchart is provided in
Fig. 2-3 to depict the calculation proceduretbétwo-phase equilibrium calculation coupled with

the modified Young_aplace equatiofi.
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Fig. 2-3. Calculation procedure of vaptiquid equilibrium calculation coupled with the
modified YoungLaplace equatiofi.
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2.4.Results and Discussion

This work employs a modified Yourgaplace equatioll in a twophase flash calculation

algorithm to study the vapdiquid equilibrium in confined nanopores. The proposed algorithm is

applied to calculate the vapbquid equilibrium in confined nanopores feevenexamples of

hydrocarbon fluidto examinelte robustness of the proposed algorithm. The examples presented

in this section include six pure substances and two binary mixtures. Foexaauple we first

collected experimental saturation pressure data for hydrocarbons in confined nanopores from the

literature. The collected experimental datre summarized inTable 2-1. Table 2-2 lists the

properties of all hydrocarbon components that are involved in the example .studies

Table 2-1. Summary ofExperimental Works Used to Develop Correlations of the Tuning
Parameter Lambda for Different Fluids

Fluid Material Pore Radii,nm | Temperature, K References

C SBA-15 1.7043.281 262.15300.15 Qiuet al, 2019°

Qiu et al, 2026

Cs MCM-41 1.2913.03 279.55323.95 Barsottiet al.,2018
n-Cs4 MCM-41 1.2913.030 279.55323.65 Barsottiet al., 2018
n-Cs MCM-41, SBA15 2.285, 3.935 258298 Russcet al., 20122
n-Cs MCM-41 1.208-2.122 303323 Qiaoet al., 20043
n-Cs SBA-15 2.33.9 299.15309.15 | Vinh-Thanget al.,2005*
Ci-C SBA-15 1.7043.281 242-273 Qiuet al.,2018
C:1-Cs | A nanofluidic device 4,40 282.15301.15 Zhonget al, 2018

with nanochannels

Table 2-2. Phystal Properties of Methane, Ethane, PropamButane h-Pentanepn-Hexane, and
n-Heptaneused inthe PRREOSModel*®

Substance Te, K Pc, bar w MW, g/mol Pehi
C 190.6 46 0.008 16.04 77.33

C 305.4 48.84 0.098 30.07 108
Cs 369.8 42.46 0.152 44.10 157.31
n-Ca 425.2 38 0.192 58.12 189.9
n-Cs 469.6 33.94 0.251 72.15 231.5

n-Ces 507.4 29.69 0.296 86.17 271
n-Cz 540.2 27.36 0.351 100.20 3125
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2.4.1 Examples of Pure Substances

The vaporliquid equilibrium of six pure hydrocarbon substances in confined nanopores are
studied in this work, including pure ethane)@ure propane (£, puren-butane §-Cs), puren-
pentanerg-Cs), puren-hexane i§-Cg), and puran-heptanerg-C;). The satration pressures of these
hydrocarbon fluids are calculateding the aforementioned methodolagyd compared witthe
experimental dataAs for C> Cs, n-C4, n-Cs, andn-Ce, the saturation pressures calculated using
PREOS and the original Youndgaplace equatioll are larger than the saturation pressures
measured in experiments at all temperatufes.for n-C7, however, the saturation pressures
calculated by PEEOS® and the original Youndiaplace equatiol! can become lowethan the
measuredsaturation pressurehis impliesthat negative values of the tuning parametare

requiredto match the measured results

In order to adjust the calculated capillary pressure to match the real capillary pressure present in
experimets, the tuning parameteis first computed using the aforementioned procedure for each
pore radius. The computed tuning parametir C, Cs, n-Cs4, n-Cs, n-Cs, andn-C7 at different

temperatureand pore radii is given iRigs. 2471 2-9.
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Fig. 2-4. Computed tuning parametaof C, based orthe experimental dat&® The solid lines
are trend lines which are drawn for visual guide purpose.

Based on the calculatesshown inFig. 2-4, the following empirical correlation fos-can be

developed foC, (R>=0.9902).

O& T oC Y@ LCIT MMBIMTNYC TTNPYO (2-13)
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Based on the results shownFig. 2-5, the following empirical correlation facan be developed

for C3 (R?=0.9984).

COULU TMPoLVYTPE® P 1T T T MY TT T TG0 Q (2-14)
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Fig. 2-6. Computed tuning parameteof pure RC4 based on the experimental datall. The solid
lines are trend lines which are drawn for visual guide purpose.

Based on the regression of the experimental data shoiig.iB-6, we can obtain the following

correlation fom-C4 (R?=0.9474).

_ CRULU T X TWTR @ XIWNMBIMNYX MINnNo (215
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Fig. 2-7. Computed tuning parametaof puren-Cs based on the experimental datal2. The solid
lines are trend lines which are drawn for visual guide purpose.

By using the curve fitting tool, we can obtain the followimgorrelation forn-Cs (R>=0.9973)

based on the results showrFig. 2-7.

_ CPWTE TP Q@ TWNNITFYX MIMToNQ (2-16)
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Based on the regression of the experimental data shotig.i2-7, we can readily develop the

following acorrelation fom-Cs (R°=0.9981).

- GBI TMPCPFTPHT X T MNP X MG TLNP (2-17)

37



oSrFeF—/—Tr T 7T 7T T 7T T T T T T

04 F .

03 F

02 F

0.1 f

Lambda

0.0 F

ok ¢ Lambda (rp=3.90 nm) _
m Lambda (rp=3.55 nm) ]
02k v Lambda (1=2.75nm) ]
e Lambda (r,=2.30 nm) ]
o3l o
296 298 300 302 304 306 308 310

Temperature, K
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At a temperature of 298.15, the tuning parametexof pure nheptane becomes negative for pore
radii of 2.30nm and 2.75nm. This negative value of the tuning parameteffectively reduces
the calculated capillary pressure. Based on the results shofig.i@-9, we can develop the

following acorrelation fom-C7 (R°=0.9916)

CRP MMULOYTCI P TP MMBITTTITHY Q TATTENU (2-18)

To compare the tuning paramegeof different hydrocarbons, we calcula®f C, to n-C7 over
295310 K at a pore radius of 1 nm. Results are showfign 2-10. Despite the fact that
experimental saturation pressure data fptdd1-C; are collected from different research groups,
it is interesting to observe frofig. 2-10that, at a fixed temperature and pore radishows a

monotonic decreasing trend for hydrocarbons with an increasing carbon number.
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Fig. 2-10. Lambda of G to n-C7 in nanopores with a pore radius of 1 nm at different
temperatures. Equation®-{3)-(2-18) are used for these calculations.

In this work when the modified Youndjaplace equatiofiis coupled with PREOS, the calculated

afor Cy, Cg, n-Cs, N-Cs, Nn-Cs, andn-C7 suggests quadratic polynomial relatiohg betweens-

and temperature. Moreovessincreases with increasing pore radii for all temperatutes;is
different from the results obtained by Tan and®Pisihich showed that the tuning paramesger
decreases with an increasing pore radliee tuning parametexfor C> Cs, n-Cs4, n-Cs, n-Cs, and

n-C; can be empirically determined by usirgs. @-13)-(2-18), respectively, at a given
temperature and a given pore radius. The calcultesh then be fed into the modified Young
Laplace equation to adjust the calculated capillary predsige2-111 2-16 presenthe saturation
pressure curves of2CCs, N-C4, N-Cs, n-Cs, andn-C7 measured from experimesdnd calculated

from two-phase equilibrium calculations coupled with capillary pressure calculated by using the

original YoungLaplace equatin®® and the modified Youngaplace equatiofi.
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Fig. 2-11. Saturation pressures of @easured in SBA5'"*°and calculated from vapdiquid
equilibrium calculations coupled with the (a) original Yotlraplace equatioii and the (b)
modified YoungLaplace equatioli. Theexperimental data are retrieved from the study by Qiu

et al (2019) and Qiet al, (2020)*"1°
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Fig. 2-13. Saturation pressures of pureCs measured in MCM41! and calculated from vapor

liquid equilibrium calculations coupled with the (a) original Yotlraplace equatiol and the

(b) modified YoungLaplace equatioli. Theexperimental data are retrieved from the study by
Barsottiet al (2018)*
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Fig. 2-14. Saturation pressures of puréCs measured in MCM41 and SBA152 and calculated
from vaporliquid equilibrium calculations coupled with the (a) original Yotaplace
equatiori® and the (b) modifietf oung-Laplace equatiofi. Theexperimental data are retrieved
from the study by Russet al (2012)*?
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Fig. 2-15. Saturation pressures BfCs measured in MCM#12 and calculated from vapdiquid
equilibrium calculations coupled with the (a) original Yotlraplace equatioii and the (b)
modified YoungLaplace equatioli. Theexperimental data are retrieved from the study by Qiao
et al (2004)%3
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Fig. 2-16. Saturation pressures fC; SBA-15 and calculated from vapdiquid equilibrium
calculations coupled with the (a) original Youhgplace equatiofi and the (b) modified Young
Laplace equatioli. Theexperimental data are retrieved from the study by Mihanget al.
(2005)*
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In Figs. 2-117 2-16, the solid curves represent the vapiquid equilibria of pure hydrocarbon

fluids under bulk conditions. The black symbols represent experimeniehtsanh pressure data,

and the different dashed curves represent saturation pressure curves calculated-lguicdpor
equilibrium calculations coupled with the original Youbaplace equatiofiand the modified
YoungLaplace equatiofi. It is shown inFigs. 2-117 2-16 (a) that the saturation pressures af C

Cs, n-C4, n-Cs, n-Cg, andn-C7 in confined nanopores measured from experiments and calculated
from vaporliquid equilibrium calculations are all reduced compared to the bulkAsfer Cs, n-

Cs, n-Cs, andn-Cs, the saturation pressures predicted from vdigaid equilibrium calculations
coupled with the original Younbaplace equatioll are larger than the saturation pressures
obtained from experiments at all pore radii. Furthermor¢h@temperature rises, the deviation
between the measured and calculated saturation pressures becomes larger. This suggests that the
actual capillary presure existing in confined nanopores in the experiments is larger than the
calculated capillary pressure. One of the major reasons that may cause this is that the surface

adsorption reduces pore radius, which, in turn, increases capillary pressure dthmatic

As for n-C7, the calculated saturation pressuresndi; in confined nanopores are letter
agreement with the experimental data. The calculated saturation pressu@soé mostly larger
than the experimental data. Atemperature of 298.15, Kor pore radii of 2.75 nm and 2.30 nm,

the calculated saturation pressures become lower than the experimental data.

After the modified Young.aplace equation and theecorrelations are applied, the calculated
saturation pressures of; @3, n-Cs4, nN-Cs, n-Cs, and n-C7 in confined nanopores match the
experimental data with decent accuracy. The application of the modified Y@yhace equation
with theacorrelatiors is effective in increasing the capillary pressiaeC, Cs, n-Cs, n-Cs, andn-

Ce resulting in a good agement with the measured saturation pressure aacorrelation for
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n-C7 reduces the capillary pressures at lower temperatures but increases the capillary pressures at
higher temperatures. Overall, the implementation of the modified ¥baptace eqgation®® with
proper modeling of the tuning paramegegreatly improves the accuracy of the vapquid

equilibrium calculatiosfor Co Cs, n-C4, n-Cs, n-Cs, andn-Cv in confined nanopores.

2.4.2 Examples of Binary Mixtures

In the work of Tan and P, pure substances were studied to develop the correlations of the tuning
parametee: A linear mixing rule is proposed in their work to calculate the mixdn&sed orthe
puresubstance: This practice was then applied in subsequent stdtifén ther studies,a-for
mixtures of acetone/ethantfiethanol/watef® and CQ/n-Cs*! are calculated using the mixing rule
anda-for the constituting components. Results showed that the application of the linear mixing
rule offers a satisfactory accuracy inaahting the mixturex To examine thelependence o

for hydrocarbommixtures ontemperature and pore radivaporliquid equilibria ofthe binary
mixture C1-C> andthebinary mixture G-Cz in confined nanopores are studied in this section. The
feed composition of the mixtur€;-C, is 14.98 mol%C; and 85.02 mol%C,, while the feed
composition of the mixture £Cz is 20 mol%C. and 80 mol%Cs. The experimental dew point
pressures of the mixte C1-C; in confined nanopores are collected from @tual.® while the
experimental dew point pressures of the mixtugeCg€are collected from Zhongt al® The
capillary pressure is coupled in a tpbase equilibrium calculation to compute the dewnpoi
pressures of the two tested mixtures in confined nanopores. The binary interaction parBifters (
for the mixtureCi:-C, and the mixture €Czused inthePR-EOS model are given ifiable 2-3 and

Table 2-4, respectively
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Table 2-3. BIP for the Mixture G-C, Usedin the PR-EOS Modef*

BIP Ci C
Ci 0 0.0027
C 0.0027 0

Table 2-4. BIP forthe Mixture G-Cs Usedin the PR-EOSModel *?

BIP Ci Cs
Ci 0 0.006
Cs 0.006 0

The computed tuning parames&ior the mixtureCi-Cz andCi-Cz are shown irFig. 2-17 andFig.

2-18, respectively.

09 |

07 F

Lambda

06 F
05k

04

m Lambda (r,=3.281 nm)
Lambda (r =2.446 nm)
e Lambda (r,=1.704 nm)

4

03 L
240

250

260 270

Temperature, K

280

Fig. 2-17. Computed tuning parametefor the binary mixture €C; based orthe experimental
dat&. The solid lines are trend lines which are drawn for visual guide purpose.

Based on the regression of the experimental data shofig.ig-17, the followinga-correlation

for the binary mixture metharethane can be obtaing@?€0.9726)
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Fig. 2-18. Computed tuning parametaof the binary mixture €Cz based on the experimental
dat&. The solid lines are trend lines which are drawn for visual guide purpose.

Based on the results shownhig. 2-18, we develop the following- c or r e thalinarp n f or

mixture C;-Cs (R?=0.9313).

VP ¢ M payY M wpiv W UPY T1WIE QY (2-20)

The above correlations can then be applied in the modified ¥bapigce equatiotito adjust the
calculated capillary pressure to improve the accuracy of thehaee equilibrium calculation in
confined nanopores:ig. 2-19 andFig. 2-20 show the dew point pressure curves of the mixture
C:-C; and the mixture €Cs, respectivelypbtained fromthe experiment and from twphase
equilibrium calculations coupled witthe original YoungLaplace equatiofiand the modified

YoungLaplace equatio®.

49



35 T T T T T T T T T T T T T T T
i Bulk 1
_______ r =3.281 nm (PR-EOS) 1
30 f———— 1,=2.446 nm (PR-EOS) §
AR r,=1.704 nm (PR-EOS)
[ W r,=3.281 nm (Qiueral., 2018) . ]
5 v rp:2.446 nm (Qiu et al., 2018)
= e 1,=1.704nm (Qiueral., 2018)
5 20 - .
w2
7]
z
[= 9
15 -
10 L ]
L ® 4
5 [ 1 I 1 1 1 I 1 1 1 1 1 1 L I 1 1 I " 1 1 1 1 1 1
230 240 250 260 270 280
Temperature, K
(a)
35 T T T T T T T T T T T T T T
L Bulk ]
[ —— r,=3.281 nm (PR-EOS) ]
or o _— r,=2.446 nm (PR-EOS) ]
[ e r,=1.704 nm (PR-EOS)
25 L n r.=3.281 nm (Qiu et al., 2018) P ]
E v 1,=2.446 nm (Qiueral, 2018) a
o L ® r =1.704 nm (Qiu ef al., 2018) e
= P 5
= 20 -
£ R
15 | -
10 F .
: ‘_.' E
5 [ 1 1 ' 1 1 1 1 1 1 1 1 1 i 1 1 1 1 I i 1 i 1 i 1
230 240 250 260 270 280

Temperature, K

(b)

Fig. 2-19. Dew point pressures of the binary mixture@ measured in SBAS® and calculated
from vaporliquid equilibrium calculations coupled with the (a) original Yotraplace
equatiori® and the (b) modified Younbaplace equatiofi. Theexperimental data are retrieved
from the study by Qiet al (2018)8
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Fig. 2-20. Dew point pressures of the binary mixture@ measured using a nanofluidic device
with nanochannefsand calculatefom vaporliquid equilibrium calculations coupled with the
(a) originalYoung-Laplace equatioii and the (b) modified Younbaplace equatiofi. The
experimental data are retrieved from the study by Ztebrad (2018)°
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It can be found irFigs. 2-19 and2-20that the calculated dew point pressures of the two mixtures
C:1-C2 andC:-Czin confined nanoporegreatly deviatérom the experimental data. For the mixture
C1-C,, the calculated dew point pressures are larger than the measured ones. This sugdpests that t
capillary pressure calculated by using the original Yeuaplace equatioli is not capable of
accuratelyrepresenng the actualcapillary pressure. For the mixtu@-Cs, at most of the tested
temperatures, the calculated dew point pressures are larger than the experimental data. At
temperatures of 282.16 and 285.15 Khowever, the calculated dew point pressures are lower
than the experimental dat@easured & pore radis of 4nm. This implies that negative values of

aare needeth this caseBased on the measured dew point pressure data, the tuning pa@meter
for the binary mixture€:-C, andC;-Cz can bedetermined at different temperatures and different

pore radii.

After the modified Young_aplace equatiol is coupled with PREOS®, the dew point pressures

of the binary mixtureC:-C> and C:-Cs in confined nanopores calculated using the proposed
algorithm match the experimental data with good accufideyacorrelations obtainefir the two
tested mixturesreproved to be effective in adjusting the calculated capillary pressure to the true

capilary pressure in experiments.

Ideally, afor mixtures can be determined based onetbeindividual components using a certain
type of mixing rule. Tan and Pifisuggested using a simple linear mixing rule to calculate the

mi xture o baotgahceon t he pure

> B e (2-21)

wherean is themixture a; Nc is the number of components in the mixturasxhe mole fraction

of theith component in liquid phase, aads theaof theith component. It can be seen in previous
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examples thatinder certain circumstancedbe temperature interval of tha-Co mi x tstwo-e 0
phase region is above the critical temperatui@:of the mixture. Therefore, thecorrelation for
C1 under supercritical condition needs to be determined before calculating the raiitiehe
mixing rule (i.e., EqZ-21)). In thisfollowing exercise we first validate the application dfie
mixing rule on calculatinghe mixtureausingaof pure subtance. Then, we use thacorrelations

of the mixture G-C; and pure @to back calculate the-correlation of G under supercritical
conditions. It is worth noting that the experimental saturation pressure d#ta fioixture G-C»
and pure gis collected from experiments conducted by the same resegotips. They used
exactly the same material when measuring the saturation presstiremofture G-C,and Gin
confinednanoporesThe purposeof this example calculation is tdemonstrate that there exists a

acorrelation of @ under supercritical conditions.

To examine if the mixing rule is feasible for calculatthgmixture e we calculate bubble points

of the binary hydrocarbon mixture-Cs-n-C7 (50 mol%50 mol%) at different temperatures and
pore radii. Thexof this mixture is calculated using the mixing rule (E52()) and the fittecbfor
puren-Cs andn-C7. The calculated results are then compared with the measured bubble point data

reportel by Alfi et al*3. The BIP used for calculation is givenTiable 2-5.

Table 2-5: BIP for the Mixturen-Cs-n-C7 used in the PREOS Model*?

BIP n-Cs n-C;
n-Cs 0 0.0021
n-C7 0.0021 0

Experimental vapeliquid interfacial tension (IFT) data fdhe n-Cs-n-C7 system are collected

from MohsenNia et al**to develop thed jj correlation. Thej j correlation developed far-Cs-

n-C7 system is given in Eq2{22).
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. T T VT pBt Tt Y Y (2-22)

Fig. 2-21shows the comparison between the calculation results and measured ones. It is interesting
to observe fronfrig. 2-21 that the bubble points yielded by FROS*® and theacorrelationsnatch

fairly well with the measured ones at small pore radii. The match is surprisingly satisfactory
because the experimental data used for developiractireelations are conducted on nanodevices

that are different from the ones used to measure thdédpbints on-Cs-n-C7 mixtures
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Fig. 2-21. Bubble points of the binary mixtur@sCs-n-C; measured using a nanofluidic devite
and calculated from vapdiquid equilibrium calculations coupled with the modified Young
Laplace equatioi. Theexperimental data are retrieved from the study by etlil (2017)%3

The back calculatescorrelation ofC: under supercritical conditions is given in E2-23).

PO T X YT WTIC MBI T W P T8 p X W W (2-23)
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The calculation result suggesihat there exist correlations ®&for C, under supercritical condition

and the correlations are still quadratic polynomial functions with temperature. Moreover, the
tuning parametes-becomes larger with an increasing pore raddighan example calculation
confirms the feasibility of utilizinga simple mixing rule in calculatintipe mixture a-using a-of

pure componentdn the practice of calculating the mixtusaisinga-correlations of constituting
substances, certain precautions should be applied. The best way of validatrapthedatiors
developed for the constituting substances and the mixing rule is to conduct systematic phase
behavior experiments for pure substances and their mixtures using the same nanofluidic device or
DSC setup. Howevesuch a comprehensive experimental datadatksng. Future experimental

works are needed to fill this gap.

2.5.Summary and Conclusiors

The vapodliquid equilibria of pure substances and mixtures in confined nanopores are studied in
this research. This work aims to improve the accuracy of vapod equilibrium calculation of
hydrocarbosin confined nanopores by coupling a modified Youiraglace equatiofiin thePR-

EOS model. We developed correlations of the tuning parareeter six pure hydrocarbon
substances and two binary hydrocarbon mixtuaed applied the modified Yourgplace
eqguation in vapeliquid equilibrium calculatios. The following conclusions can be drawn from

this study:

For both pure substance and mixture, the correlation of the tuning paraveder be
expressed as a quadratic polynomial function with temperature when the modified Young

Laplace equatiofi is coupled witithe PR-EOS mode¥.
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The tuning parametexbecomes larger withnincreased pore radius. This trendraid for

pure hydrocarbns and their mixtures.

agenerally becomes smaller for pure hydrocarbon substances with smaller carbon numbers.
The value obis always less than oneheacan become negative under certain circumstances
which adjussthe capillary pressure to a lowelue.

The a-for C; under supercritical conditions can be expressed as polynomial functions with
temperature. We also demonstrated thatathmder supercritical conditions can be back
calculated using the mixing rule.

The accuracy of the vaptiquid ecuilibrium calculatiors in confined nanopores can be
significantly improved by applying the modified Youhgplace equatioli with the
experimentally derivea-correlations

One advantage of using FROS® in the modeling strategy is that this enablesptaposed
approach to be readily integrated i@ existing reservoir simulators. Howevérmust be
noted that the development efcorrelationshighly hinges on thevailability of phase
transition experiments in nanoporBsit these experimental data are hardly availabause

of thetechnicalchallengesssociated witsuchnanascale experiments.
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Nomenclature

A = equation of state constant
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B = equation of state constant

EOS = equation of state

fix = fugacity of componeritin liquid phase, bar

fiy = fugacity of componeritin vapor phase, bar

IFT = interfacial tensionrnN/m

ki = phase equilibrium ratio of component

M, = molecular weight of liquid phasg/mol

Mg = molecular weight of vapor phasgmol

N¢ = total number of components

P = bulk pressure, bar

Pchi = Parachor of component

Pci = critical pressure of component

Py = vapor phase pressure, bar

P = liquid phase pressure, bar

Pc = vaporliquid capillary pressure, bar

rp = pore radiuspm

R = universal gas constant, 83.144598484& a r'Ast!
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T = bulk temperatureK

Tc= critical temperature, K

Tci = critical tempeature of component

xi = mole fraction of componenmin liquid phase

yi = mole fraction of component i in vapor phase

Z = compressibility factor

z = feed composition

by = vapor phase mole fraction

0 = vaporliquid interfacial tensionmN/m

} g = vapor phase densitg/cn?®

11 = liquid phase densitg/cn?

L ix = fugacity coefficient of componentn liquid phase

Ly = fugacity coefficient of componentn vapor phase

€ix = chemical potential of compenti in liquid phase

eiy = chemical potential of componerin vapor phase

&= tuning parametdn the modified Yong_aplace equation

a = tuning parametesof component
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am = tuning parametes:of mixture
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CHAPTER 3 A NEW THREE-PHASE FLASH ALGORITHM

CONSIDERING CAPILLARY PRESSUREIN A CONFINED SPACE

A version of this chaptdras been published @hemical Engineering Science
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Abstract

Tight/shalereservois areextensivelycontainingnanopores, and the confined space in nanopores
can greatly alter thphase behavior of reservoir fluidsie to thestrong capillaity effect. Many
researches have been recently conducted to investigate the ettmuillafy pressura nanopores

on alteringthe oleic-vaportwo-phase equilibria.Few attempts have been deato describe the
effect of capillarity orthe aqueousoleic-vapor thregphaseequilibria Thiswork proposes a new
algorithm for performingthreephasepressuraemperature R-T) flash coupled with capillary
effect.This algorithm considers two capillgpyessures that exist across the two interfaces dividing
the three phases in a nanopore. When describing thephase equilibria, two types of reservoir
wettability are consideredwaterwet formation and oilvet formation. In each casdhe
distribution of the three phases in a nanop@eetermined based on tispreading coefficient
which refers tahe spreading ability oén oleic phaseover the spreading ability @n aqueous
phaseExample calculations are conducted to showaheishess of the ne algorithm as well as

to study the effect of capillarity on the thrpkase equilibria. Computation results shinatthe
threephase P-T envelopefor a given hydrocarbons/water mixtuia a nanopore can be
significantly alteredby capillary pressutebut how the envelope moves will depend on the
wettability of the nanopore and the spreadingfficient The general trend is that both the upper
branch (i.e.,the oleiccagueous/vapeoleic-agueous boundary) and the lower branch (thee,
liquid-vapor/liquid-liquid-vapor boundary) of the thrg@hase envelope tend to move downward
Compared tdhe waterwet casethe oil-wet nanopore will shift the threphase boundarigs a
much larger degredn addition to the alteration of the thrpbhase envelope, theresence of
capillarity will also lead to the alteration of the phase fractions and phase compositions in the

nanopore.

66



Keywords: Threephaseflash, P-T flash, Capillary pressurelJnconventional reservoir, Phase

behavior

67



3.1.Introduction

Tight/shale reservoirstart to contribute more oil/gas productions in the last several deGadds
reservois sharea common featurebundance inanascale poreg-or example,He nangores in

shale reservoireave diameters ranging betwe®io 1000 nm (Venget al, 2009 Louckset al,

2009) The capillary pressure, which is generally neglected in conventional reservoir modeling,
could be large enough in the nascale pores to posenoticeable impact othe adsorption
behavior (Pinget al, 1996;Jin and FiroozabadR016, phase behavior (Brusllovsk$992; Al

Rub and Dattal999; Nojabaeet al, 2013 Wu et al., 2016)and flow dynamics of reservoirs
fluids (van Dijkeet al, 2001; Hustad and Browning, 2010; Moortgat and Firoozabadi, 043¢

et al, 2013; Dong, 2014).

Two-phase flash coupled with capillapyessure effect has been studied extensively in the past
years. One of the early contributions is from Brusllovsky (1982w equation of state (EOS)
wasdeveloped in this papéw predictthermodynamic properties of pure substances and mixtures
under the impact of capillary pressure. The author also mathematically provathttextdarge
capillary pressure, the bubble point pressure will decitmattbe dew point pressure witicrease.

Al-Rub and Datta (1999) proposed a samalytical model to studshe effect of surface tension

of a binary mixture on its phase behavior and confirmed that the-ligpa equilibriaarealtered

due tothe capillarity effect. Some recent worktsoechothis finding (Hamadeet al.,2007; Qiet

al., 2007; Panget al.,2012; Wanget al.,2013; Sandovatt al, 2015). In addition, Firincioglet

al. (2012) studied the effect of both capillary pressure and surface force on the fluid phase behavior.
The surface force here refers to the van der Waals attractive force between a solid surface and the
fluid molecules. They concluded that the surface fbhesean insignificant effect on the tybase

equilibria, while capillary pressure can pose a significant efféte that other forces, in addition
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to the van der Waals force, might also pose effects on the phase equilibria in confined space; but,
to ourknowledge, no study has explicitly touched on this subjdety also analyzed how a gas
bubble appears in a liquid phase confined in a pore and summarized that the diameter of the pore
must be larger than 38 nm to reach a vdguid equilibrium if a gasubble with a size of 1 nm

is formed in the liquid phase (Firincioght al, 2012). Nojabaegt al.(2013) studied the effect of
capillary pressure on the possible shiftingrefentire twephase envelope. They showed that the

dew point pressure decregswhen bulk pressure is lower than the cricondentherm, pdiile

the dew point pressure is increased when bulk pressure is higher than the cricondentherm point
due to the capillary pressure. The critical point is not shifted since the IFT at thd patidas

zero. Jin and Firoozabadi (2016) included the effect of the surface adsorption into their study of
hydrocarbon phase behavior in the shale reservoirs. They observed a shift of -{iieaseo
boundaries due to the capillarity effect and the ser&tsorption. They also concluded that the
effect of the surface adsorption on hydrocarbon phase behavior can be neglected when the pore
radius is larger than 10 nm. Zhaagal. (2016) examined the effect of pore radius on the two
phase flash results amtbncluded that for pores larger than 50 nm, the capillary effect is

insignificant.

So far, most of the previous reseasmmainly focus on the capillary effect on tvphase
equilibrium. However, water production is prevalent in many tight/shale resefWwinsg et al.,

2000; Liet al.,2008; Iwereet al.,2012; Liet al.,2015). This implies that vap@queousoleic
threephase equilibria can readily occur under reservoir conditions. Several numerical simulation
studies examined the effect of thuglease apillary pressure on actual oil production from
tight/shale reservoirs (van Dijket al., 2001; Hustad and Browning, 2010; Moortgat and

Firoozabadi, 2013; Dong, 2014). Their results show, thageneral, the large capillary pressures
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between vapor, aqueswand oleic phases reduce the oil recovery wweil reservoirs. Yet, the
above researches only incorporated the tpresse capillary pressure into the solving of the
transport equations, and did not consider it during the process of calculatingtiaseesquilibria.

In tight/shale reservoirs, thrgghase equilibria in narscale pores could be significantly affected

by the large capillary pressures existing among the three phases. This will alter the fugacity
equality conditions governing the multipleaesquilibria, hence rendering the thygease equilibria
different from the conventional ones withol capillarity effect. Thus, the shifting of thrgdase
equilibria themselves due to capillary pressure should also be considered when conducting

resenoir simulation study for tight/shale reservoirs.

Recently, several studies touched on the effect of capillary pressure ophlsseequilibria in

nano pores. Siripatrachef al. (2017) modified negative flash algorithm to calculate vageic

phase eglibria with the presence of an aqueous phase. Although the effect of agueous phase on
vaporoleic capillary pressure is addressed, only vageic capillary pressure is considered when
they were conducting the fugacity equality calculation. Their sinamaesults showed that the

oil production is increased due to capillary pressure (Siripatrathadi, 2017); this is expected

since the reservoir studied in this publication is watet. Later, to study the vapoteic equilibria

in presence of connateater in tight/shale reservoirs, Neskatl.(2018) considered the connate
water saturation in the equation used for calculating the capillary pressure between vapor and oleic
phases. The presence of connate water tends to reduce th@kapoapillay pressureThe dew

point and bubble point pressure are thereby aff¢otadesser extent by capillary pressudeghat

et al., 2018. However, when performing phase equilibria calculations for water/hydrocarbon
mixtures under actual reservoir condiothe aqueous phase should be considered in conjunction

with the vapor phase and liquid phase, as water may possess a sufficiently high fugacity to affect
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the actual phase equilibria, in particular, at higher temperature conditions. Neglecting this may
result in inaccurate prediction of the actual vapqueousoleic threephase equilibria in the pore

space (Li and Li, 2018; Pang and Li, 2017).

When a thregohase equilibrium is reached in a nanopore, capillary pressure exists between every
two contacting phases. Three capillary pressures should be considered but the possible fluid
distribution in a nanopore shows that only two of them could coexist at the sam@tanet(al.,

1992; gren and Pinczewski, 1994; Kanteaal.,1998. Without considering the effect of the two
capillary pressures, the thrphase split calculation will yield inaccurate estimation of the phase
fractions and phase composition in the confined space. With the presence of capillary pressures,
the phase pesure is no longer equal to each other. The fugacity equality conditions should be
modified to simultaneously consider the two capillary pressures duringghese equilibria
calculations. Neshat et al. (2018) studied thpkase equilibrium calculatioim tight reservoirs

with two coexisting capillary pressure and they concluded that without considering the capillary
pressure, the predicted cumulated gas production could present an error of 10%. Although the
model they used in calculating capillary prassis applicable in any wettability situation, only

one possible fluid distribution is considered. Failing to consider all possible fluid distribution could
weaken theauniversality of the findingbecause the pressure of each phase under the effect of
capllary pressure directly depends on fluid distribution. It is thereby of great importance to
develop a new threghase flash algorithm that takes into account the effect of two coexisting

capillary pressuren the thregphase vapoeoleic-aqueous equilibrian a confined pore space.

In this work, we propose a new thyplkase flash algorithm to couple the capillarity effect with
conventional thre@hase flash algorithm. For practical purposes, the effects of the surface force

(van der Waals force, electrostafiorce and hydrogen bonding forgepoleculewall interaction,
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and adsorptioeffectare not includedh the present studyrhe novelty of the new algorithm lies

in that two capillary pressures are considered simultaneously based on fluid distributien i
conventional threphase equilibria calculations. We first present the fundamental equations used
in the new algorithm and then provide the procedure of conducting-ghese equilibria
calculations under the influence of the two capillary pressilifessnew algorithnis testedn four

fluid mixtures to evaluate its performance and robustness. The effect of two coexisting capillary

pressures on the thrpdase equilibria is studied in detalil.

3.2.Theoretical Approaches

Pore surface wettability is a ciatparameter to be considered while studying the phase behavior

of reservoir fluidsand theirflow behavior in a nanopore. Wat al (2017) proposed a model to
calculate water flow in a confined space. This model considered both pore surface wettability a
pore dimensions. They found that the water flow capacity in a confined space is decreased in a
hydrophilic pore and is increased in a hydrophobic pore.eival (2018) came to a similar
conclusion by studying water flow in a confined space with diffeseirface wettability under
various temperatures. This work focuses on the phase behavior of-phheeefluid in a nanopore

which corresponds to thrgmhase equilibria in a confined space. Thpbase equilibria in a
confined space va a more complicizd fluid distribution compared to twghase equilibria. The
distribution of different phases, which mainly depends on pore surface wettability, determines the
pressure of each phase. When capillarity effect is sufficiently strong, the pressurenadtin

phase is always larger than the pressure of wetting phase and the difference between these two

pressures is corresponding to the capillary pressure.
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Two capillary pressures simultaneously exist in a Hptegese equilibriunm a confined space, and
wettability-dependent phase distribution should be considered in determining the actual three
phase equilibrium. In a tight/shale reservoir, although pores that contain the organic matters are
mostly oilwet, there are also some wategt pores which are maaé waterwet minerals (such

as clays) (Passest al, 2010). Therefore, it is necessary to model both waétrand oHwet
scenarios in this work. Moreover, each wetting condition can be further classified to be spreading
case and nespreading case aatting to the spreading coefficient (Kantasal, 1998). When a

vapor phase, a wetting liquid phaaed a norwetting liquid phase coexist, there exist two possible
types of phase distributions (Séig. 3-1). In Fig. 3-1 (a), a wetting liquid phase arsdvapor phase

are separated by a naretting liquid phase, while a wetting liquid phase occupies the corner. The
other possible phase distribution is showkiig. 3-1 (b), where a notwwetting liquid phase and a

vapor phase stay separate, but insidestiing liquid phase.

| Wetting

~< Wetting
- —
Phase Phase
Non-wetting
Phase
Vapor

|

| Non-wetting
Phase

@ (b)

Fig. 3-1. Threephase fluid distributions in a pore space when spreading coefficient is (a)
positive and (b) negative (Adapted frafantzaset al.,, 1998).

Spreading coefficient can be used to determine which type of phase distribution exists at certain

pressure and temperature. In a watet formation, aqueous phase is the wetting liquid phase,
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while oleic phase is the nametting liquid phase. Spreadingefticient in the watemwet formation
is defined as the spreading ability of the oleic phase over the spreading ability of the aqueous phase.

The equation used to calculate the spreading coefficient is given as (Ketrdza$998),

; woom (-1

where"VYis the spreading coefficient, is the aqueousapor IFT,, isthe oleievapor IFT, and

. IS the aqueousleic IFT. When the spreading coefficient is positive, the oleic phase spreads
more extensively than the aqueqisase; this corresponds to the phase distribution as shown in
Fig. 1(a). When the spreading coefficient is negative, the oleic phase spreads less extensively than
the agueous phase; this corresponds to the phase distribution as shown in Fgreh®)al.,

1992, Kantzasgt al, 1998).

In a capillary tube, a given combination of wettability and spreading coefficient may generate a
given type of threghase fluid distributionFig. 3-2 summarizes six types of possible fluid
distributions in a 1D capillary tubéa) A positive spreading coefficient in a wateet formation;

(b) A negative spreading coefficient in a watest formation; (c) A positive spreading coefficient

in an oilwet formation; (d) A negative spreading coefficient in anveet formation; (e) Vaper
phasdrapping in a watewet formation; (f) Vapophase trapping in an eivet formation. InFig.

3-2, the vapor phase is always assumed to be auettimg phase with zercontact angle.
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Oleic Vapor

Non-wetting
Phase

Non-wetting
Phase

Oleic

Non-wetting
Phase

Oleic

Wetting
Phase

(Vapor

Fig. 3-2. Possible fluid distribution in a confined pore considering capillary pressure: (a) A
positive spreading coefficient in a watget formation; (b) A negative spreading coefficient in a
water wet formation; (c) A positive spreading coefficient in awat formation; (d) A negative
spreading coefficient in an eiet formation; (e) Vapephase trapping in a wataret formation;

() Vapor-phase trapping in an eivet formation.
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As for the scenario shown kig. 3-2(a), the pressures of different phases can be calculated as per,

(3-3)

C C2
Ca C2
ca C

where Py is the vapoiphase pressurd®y is the aqueouphase pressurd, is the oleiephase
pressurePcwgis the capillary pressure between the aqueous phase and the vapoPghasthe
capillary pressure between the oleic phase and the vapor phask.aisdhe capillary pressure

between the aqueous phase and the oleic phase.

As for the scenario shown kig. 3-2(b), the pressures of different phases can be calculated as per,

Ca C2
Ca Ca
C Ca

(3-4)

As for the scenario shown kig. 3-2(c), the pressures of different phases can be calculated as per,

(3-5)

C Cx
ca &2
ca cu

As for the scenario shown kig. 3-2(d), the pressures of different phases can be calculated as per,

c1 C1
Ca &1
ca &1

(3-6)

As for the scenarios shown kig. 3-2(e), the pressures of different phases can be calculated as

per,

(37)

Ca C2
Ca C2
Ca ca

As for the scenario shown kig. 3-2(f), the pressures of different phases caodbeulated as per,
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(3-8)

ca Ca
ca Ca
ca C?

Fig. 3-2(e)andFig. 3-2(f) represent vapegphase trapping scenariosamvaterwet formation and
anoil-wet formation, respectively. In the scenaricaetaterwet formation shown ifrig. 3-2(e),

the vapor phase cannot flow through the agqueous phase and is thereby trapped in the middle (Green
and Willhite, 1998). This can happen when the el@por capillary pressure is greater than the
agqueousvapor capillary pressure according to E8.7f (Green and Willhite, 1998). With the
assumptions of equal prindgpcurvature radii and zero contact angle when using the Young
Laplace equation (Young, 1805) to calculate capillary pressure, we can readily decide-if vapor
phase trapping is possible anwaterwet formation by calculating the olei@por IFT and the
agueousvapor IFT: when the oleigapor IFT is greater than the aqueaagor IFT, the vaper
phase trapping can happen in a watet formation. In the case ahoil-wet formation shown in

Fig. 3-2(f), when the oleiphase pressure is greater than the aqupbase pressure, the vapor
phase could be trapped between the agueous phase and the oleic pbaaamiByngEq. (7) and

the YoungLaplace equation (Young, 1805), it can be concluded that the-pajse trapping can
happen inan oil-wet formation only when the aqueewapor IFT is greater than the oleiapor

IFT (Green and Wihite, 1998).

3.3.Mathematical Formulations

To capture the threghase equilibria as shown kig. 3-2, the two capillary prssures need to be
considered in conjunction with the fugaegguality conditions. Younfgiaplace equation is used
to calculate the capillary pressure between each two phases with the assumptions of equal principle

curvature radii and zero contact angle(vig, 180%
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0o — (3-9)

where0 is capillary pressure, is IFT,andr is pore radius.

The IFT between each two phases is calculated with two different models. W&iatzugodel

is used to calculate either the olg@por IFT or the aque-vapor IFT (Weinaug and Katz 1943),

s =B Pu(x L oy ot o8 (3-10)
Ig A en X M M M p
i=1 |

g

where S g is the liquidvapor IFT, P, is the Parachor constant of each componépgnd Iy
arethe density of liquid and vapor phasd¥], and M ¢ arethe molecular weight of liquid and

vapor phases) and Y, are the mole fraction of each component in the liquid phase and the vapor

phase, respectively.

The Weinaugkatz model tends to be less accurate whed tsealculate the aquecoteic IFT.
Firoozabadi and Ramey (1988) analyzed a suite of measured aqueiolsT data and found the
aqueousdleic IFT should be a function of water density, oleic phase density, tempegatdre

oleic phase critical tempdtae, i.e.,

f(50) = () () (311)

S 0.25 T
N—
ﬁ Tch

w

where S, is the aqueousleic IFT, /', and /', are the density of water and liquid hydrocarbon,

respectively,anchh is the critical temperature of the oleic phase. Based on the above relation,
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Danesh 2007 developed the following aquecokeic IFT correlation that is applickb to

hydrocarbons with carbon numbers less than or equal to 20,

She =113( 1, - ﬁ(rl) (3-12)
ch

Eq. 3-12) is used in this work to calculate the IFT between aqueous phase and oleic phase. For

mixtures, the following mixing rule is applied to caldel¢éhe critical temperature in a givehase,

NC
To=a xT, Q pB M (3-13)

i=1
where T is the critical temperature of tligan component in the oleic phase.

3.4.Numerical Implementation of Three-Phase RPT Flash Calculation Considering Capillary

Pressures

The threephase equilibrium is reached when the chemical potentials of each component in vapor,
agueous and oleic phase are equal to each other. Such cheotécdiatequality conditions can

then be readily corerted to fugacityequality conditions. Typical thrgghase flash algorithm
contains an outer loop and an inner loop; the outer loop satisfies the fuggeaity conditions,

while the inner loop satisfies the Rachfdate relations Rachford and Ricel952. The two
capillary pressures existing in a thuglease equilibrium can be considered in the outer loop of the
flash algorithm. Considering a mixture witl components, the thrgghase equilibrium is reached

at a given pressui® and a given tempemate T when the chemical potentials of each component
are equal across the aqueous, vagod oleic phases. The chemipaltentiatlequality condition

is given as\(Vhitson and Bru® 2000,
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‘ ‘ ‘ Q pMB h) (3-14)

where‘ is the chemical potential of théh component in oleic phase, is the chemical

potential of theith component in vapor phase, and is the chemical potential of thieh
component in aqueous phase. Cherpzdéentiatequality condition is equivant to the fugacity

equality condition as given belowMhitson and Bru#) 2000,
M QQ Q pMB h) (3-15)

where™Q is the fugacity of thath component in oleic phas®) is the fugacity of thath

component in vapor phase, dfl is the fugacity of théh component in aqueous phase.

PengRobinson EOS is employed to calculate the fugacity of each component in each phase (Peng

and Robinson 1976a),
aE- aBe — G p Ui 6 — — -B &8 &i—0—HQ pieEl (3-16)

where Y; represents the mole fraction of itle component in any phas®, is the phase pressure,

f, is the fugacity coefficient of thith componentZ is the compressibility factol andB are

EOS constants which can be calculated by (Peng and Robinson 1976a),

N N, .
A=3 AyyA Q pBH (3-17)
i=1j %
NC
B=3 ¥B 'Q pBM (3-18)

i=1
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where A =(1 -k ) /A@\ and i, is the binary interaction parameter (BIP). E2t10) is used to

calculate the EOS constants of each comporfgrend B, (Peng and Robinso976a).

0 MuxY¥e=p & p — 3
"Q pM (3-19)
0 TBUX X4

P.is

where R is the universal gas constarlt; is the critical temperature of th#h component, P,

the critical pressure of thth component, and T XTOEPR T ¢I1¢ @ T& ¢ wwwhere
W, is the acentric factor of the ith componemwhen W is larger than 0.49M is calculated as

a T X o@& v T ET 1T TP @@ XRobinson and Pend978).

Consideration of capillary pressuradks to that the pressures of the three phases are different. The

following gives the fugacity of theh component in oleic phase,

aE— b8 — G p &Ed 6 — — -B Qb cxs:—g_ﬁn pFEy (3-20)

The following gives the fugacity of théh component in vapor phase,

aE— abe — G p add & — — -B @b dé—g:_ﬁ'Q ofeD (3-21)

The following gives the fugacity of theéh component in agueous phase,

GE— b — G p GEd 8 —— -B 09 dé—E_Fi’Q ofeED  (3-22)

It is noted that the three phase pressures in [Be0)-(3-22) can be related to each other based

on the two capillary pressurds. order to start the thrgghase equilibria calculation procedure,
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phase equilibrium ratiogk§ must be first initialized. Wilson equation (Wilson 1969) is used to

initialize the phase equilibrium ratios for the ngater component and is given in E&23).

QN —Qowdxp 1 p — I, W (3-23)

where k, is the phase equilibrium ratios of the Amater component between any two phasgs,
is the critical pressure of thigh nonwater componentP is the system pressuré is the

acertric factor of theith nonwater component]; is the critical temperature of tikh nonwater

component, and is the system temperature. To initialize the phase equilibrium ratios for the

water componenthe equation proposed by Peng and Robinson (1976b) is used and is given in

Eq. 3-24).

P T .
kﬁ%T—,FW (3-24)

where kW is the phase equilibrium ratios of the water component between any two pRasés,
the critical pressure of water componeRt, is the system pressurd,,, is the critical temperatar
of water component, andl is the system temperature.

The fugacity coefficient is related kpaccording to,

a8 a8 A %o

G0 a e & % Q pfB (25)
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: W
where Ky :% is the vapor to oleic phase equilibrium ragmdKk,, = ;‘ is the aqueous to oleic

phase equilibrium ratioBased on material balance, we can obtain the folloRiaghfordRice

equationfor a threephase equilibriunfRachford and Rice, 1952

ey I z(1- k)

’:\g(yl %) _i?[l_l_ b,(, 1) kK, 1)]- > ~

1 ; k) Q pBh  (3-26)
18 w-x) =g 2t )

s 146,k 1) +#Hk, IF

| i=L

where p, and bW are mole fractiors of vapor phase and aqueous phase, respectidelig, the

mole fraction of théth component in thieed. Newtots method is employed to sol¥er thephase
mole fractions. Within the Newton method, at the end of each iterat®obtiained results need
to be checked for convergence and the following stopping criteria is Wdgitsdn and Bru@)

2000
Oi 1 pmt (3-27)

wheréOl | @ O wat 0 hwwd 0 sha M S, wd L represents the differende
the natural logarithm value of the vapor to oleic phase equilibrium raéitvgeenthe current
iteration and the previous iteratict &) represents the differende the natural logarithm
value of the vapor to oleic phase equilibrium rabesveenthe current iteration and the previous
iteration.aJ represents the differende the vapor phase mole fractiobgtweenthe current
iteration and the previous iteratiowd. represents the differende the aqueous phase mole

fractionsbetweerthe current iteration and the previous iteration.
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If the calculated phase mole fractions do not satisfy the stopping criteria, the phase equilibrium

ratios are updatdoiased orthe following formula(Whitson and Br& 2000,

Q pMB ) (3-28)

wheren represents the current iteratiandn+1 represents the next iteration. After the upuat
of phase equilibrium ratios, the phase mole fractionagaé solvedased orthe updated phase
equilibrium ratios. The convergence is checked again withltbgecriteria. The above steps are

repeated until the convergence is reached.

The standard procedure of conducting thphase flash calculation cougleith capillary pressure

is summarized below

Step 1. Input the necessary parametdues usedfor computationincludingsystem pressure,
system temperature, feed compositions, BIP, critical temperature, critical pressure, and

acentric factor for each component;

Step 2. Usé&q. (3-23) (Wilson, 1969) to initialize vapor and aqueous phase equilibrium ratios
for the nonwater components ariely. 3-24) (Peng and Robinse@976b) to initialize

vapor and aqueous phase equilibrium ratios for water component

Step 3. Solve the RachfeRice equationsRachford and Rice, 19%20 obtain phase mole

fractions usinghe Newton method

Step 4. Update phase compositionsy, W);

Step 5. Calculatefactor fromPREOS (Peng and RobinsalB76a)
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Step 6. Updatéhe twocapillary pressureusng Eqgs. 8-9)-(3-13); update the fugacity using
Egs. B-16)(3-22); update the phase equilibrium ratios using Be28); and update

the phase mole fractismsing Eq. 8-26);

Step 7. Check convergence: if convergence is reached, then output the phase mole fractions
and compositions; if convergence is not reached, repeatStep3 usinghe updated

phase equilibrium ratios until convergence is reached.

A flowchart is providedn Fig. 3-3 to describe the above thrpbase flash calculation procedure

coupled with capillary pressures.
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Fig. 3-3. Flowchart showing therpcedureusedfor conducting threg@hase flash calculation
coupled with capillary pressure.
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3.5.Summary of Examples

Threephase flasltalculations are conducted oouf fluid mixtures toexamine the performance
and robustness of the new algoritivwihat is used in thérst example(Example #1)s a fluid
mixture consisting ofwater and four hydrocarbon pseucamponents RG-PG). Its feed
composition is (50 mol%i20, 15 mol%PC, 10 mol%PG, 10 mol% PG, 15 mol% PG). Table
3-1 lists theproperties of theomponents used Bxample #1while Table 3-2 lists theBIP used
in the EOS modelPhaseenvelopes are calculated for tmsxture. Sensitivity analysis is also

conducted to investigate the effect of pore radius on capjlisysure induced alteration of the

mi xXturebs phase

and Go and has a feecbmposition of (55 mol% FD, 10 mol% N, 10 mol% Go, 25 mol% Go).
Table 3-3lists theproperties of theomponents used Example 2, whileTable 3-4 lists theBIP
used in the EOS modeThrough this example, the effect of capillary pressuréhoeephase

equilibria is studied when the spreading coefficient switches from being positive to being negative

behavi

under highpressure/temperature conditions.

Table 3-1. Component properties @tiid mixtureused inExample #1 (Luo and Barrufet, 2005).

or .

The secon Ng@eampl e

Component Te, K Pc, bar w MW, g/mol Pehi
H20 647.3 220.89 0.344 18.015 52
PG 305.586 48.82 0.098 30 108
PG 638.889 19.65 0.535 156 415.87
PG 788.889 10.2 0.891 310 742.23
PG 838.889 7.72 1.085 400 847.9

*T. is the critical temperature,c s the critical pressurd/ is the acentric factor, MW is the
molecular weight, & is the Parachor of each component and its Valueach component is from

Quayle (1953)andPC. i PG stand for the pseudmomponent#1-4.
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Table 3-2. BIP used in the EOS model ffhuid mixture used inExample #1 (Luo and Barrufet,

2005).
BIP H20 PG PG PG PG,
H.0 0 0.7192 0.4598 0.2673 0.2417
PG 0.7192 0 0 0 0
PG 0.4598 0 0 0 0
PG 0.2673 0 0 0 0
PG 0.2417 0 0 0 0

Table 3-3. Component properties of Example #2 mixture (Lapetrad, 2010).

Component Te, K Pc, bar w MW, g/mol Pehi
H20 647.3 220.89 0.344 18.015 52
N2 126.2 34 0.04 28 41
Cio 622 25.3 0.443 134 381.9168
C20 782 14.6 0.816 275 710.475

Table 3-4. BIP used in the EOS model for Example #2 mixture (Lajp¢é, 2010).

BIP H20 N2 Cio C20
H>O 0 0.4778 0.4598 0.2673
N2 0.4778 0 0 0
Cio 0.5000 0 0 0
C20 0.5000 0 0 0

The third example (Example #3) is a ternary mixture contaiHiz@, Cs, andCoo. It is observed

in this example that the upper critical end point is shifted due to the presence of capillary pressure.

The last example (Example #4) has the same compoasfixample #3, but with different feed

compositionsThe feed composition of theixture used in Example #3 is (80 mol420, 16 mol%

C4, 4 mol%Czo), and the feed composition of the mixture used in Example #4 is (30 tHeB

30 mol%Cs4, 40 mol%Cozo). Table 3-5 lists theproperties of theomponents used Examples#3

and #4, whileTable 3-6 lists theBIP used in the EOS model
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Table 3-5. Component properties @tiid mixtureused inExamples#3 & #4 (Li and Li, 2017)

Component Te, K Pc, bar w MW, g/mol Pehi
H20 647.3 220.89 0.344 18.015 52
Cs4 425.2 38 0.1928 58.124 189.9
C20 782 14.6 0.816 275 710.475

Table 3-6. BIP used in the EOS model for ExamfgBeand Example #4 mixtures (Li and Li, 2017).

BIP H-O Cs C2o
H20 0 0.5 0.5
Cs 0.5 0 0
C20 0.5 0 0

3.6Results and Discussion

Threephase envelope with and withdbeeffect of capillary pressuleas been computed for each
mixture listed above. Effect of capillary pressure onghase mole fractiaandeffect of pore
radius onthe alterationof threephase equilibria are also presented to analyze the effect of

capillarity on phase equilibria

3.6.1. CrossValidation with PVT sim

To confirm the correctness and robustness of our aede, we first compare threephase
envelopes (withoutonsideringhe effect of capillary pressurghat arecalculatedwith our three
phase fhshcodeandwith the commercial software PVTsifig. 3-4 showsthe comparison results,
which demonstrates thdid threephase envelopeasalculatedrom our algorithm for althe four
examples are an excellenagreementvith thosecalculated from PVTisn software These results

verify the reliability of our own code.
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Fig. 3-4. Comparison othreephase boundaries calculatedm ourcodeandPVTsint (a)

Example #1 (50 mol% #D, 15 mol% P& 10 mol% PG, 10 mol% PG, 25 mol% PG); (b)

Example #2 (55 mol% #D, 10 mol% N, 10 mol% Go, 25 mol% Gy); (c) Example #3 (80
mol% H20, 16 mol% G, 4 mol% Gy); (d) Example #4 (30 mol% 1@, 30 mol% G, 40mol%

C20).

91



3.6.2. Example #1i Mixture of H20-PCi1-PC2-PCs-PCs

The mixture examined in the first example (Example #1) contains water and four hydrocarbon
pseudecomponentsrig. 3-5 shows the phase envelope calculdtedhis mixture, which includes

both threephase and twgphase boundaries. In this study, we focus on the shift of thegheese
boundaries and the upper critical end point caused by capillary pressure. In this example (Example
#1), the shift of the threphase boundaries is presentgdr. The pper critical end point, however,

does not exist for this example (Example #1). Gaiyleic-vapor critical point can be found on

the twephase boundaryput this critical poinis not shifted by capillary pressure because the-oleic

vapor capillary pressa vanishes at the critical point.

L e A

[ Three-Phase Boundary
100 - ®  (ritical Point
Two-Phase Boundary

80 [

5
)
g 6o L Aqueous-Oleic Oleic-Vapor Two-Phase 1
Z L Boundary Boundary Boundary
£ I
40 - ]
A+O V]
20 __ 4
o [ I 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1
200 300 400 500 600 700 800

Temperature, K

Fig. 3-5. Phase diagram calculated t&xample #1 mixture showing both thrpkase and two
phase boundaries.
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Fig. 3-6 shows thehreephase envelopes in both wateet and o#wet formations considering
the capillarity effect. The pore radius used in this practice is 10 nm. Zoomed views of tips of the

threephase envelopes are providedrig. 3-7 for a clearer look in the higpressure region.

Throughout the entire thrgghase envelopes shown kig. 3-6, the spreading coefficient is
constantly greater than zero. Thus, the aqueous phase and the vapor phase are always separated by
the oleic phasdt is clear that the boundaries are affedied larger extent in the loywressure
region. In the higkpressure region, the capillary pressure leads to less deviation from the
conventional thre@hase envelope. Also, in the-aiket formation,the capillaty effect alters the
threephase envelope more significantly than in the watetr formation. Given that the porous
medium that contains organic matters in shale resergmostly oitwet, the alteration of the
threephase equilibria could occur exterdiyin tight/shale reservoirs. Nevertheless, the alteration
follows the same trend regardlegshe formation wetting condition: there is an apparent decrease

in the thregphase boundary pressure at a fixed temperature. The maximum pressure and
temperatue of the thregohase envelope are both reduced due to capilldigy.3-8 showsthe
changs in the phase mole fractions under isobaric and isothermal conglitiéh a given
temperature and pressure within the thpbase region, the capillary pressurade to higher
fractions ofthe aqueous and oleic phasiest alower fraction ofthe vapor phaseSuch trend

remains thesamefor both waterwet and oilwet formatias.
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Fig. 3-6. Threephase diagrams calculated for Example #1 mixture considering capillary pressure
effect in (a) a watewet formation and (b) an eiet formation with a pore radius of 10 nm
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with a pore radius of 10 nm.
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Fig. 3-8. Phase mole fractions curves calculated for Example #1 mixture considering capillary
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Note thatthe aqueousapor IFT isalways larger than the oleigapor IFT throughouthe
computations made for this mixtur€herefore, i is possible to havéhe vaporphase trapping
scenarian oil-wet formatiors. This phenomenon is most likely to occur wlaanaqueousleic
two-phasesquilibrium switches tathreephase equilibriunandavapor phassuddenly appears.
Fig. 3-9 (a)shows the shifted thrgghase boundary in the case of vapbase trapping in oilvet
formatiors. It can be seen frorRig. 3-9 (a) that both the upper and lower thijglease boundaries
are shifted away from thariginalones to the lower right part of tdeagram. A zoomed vie\Fig.

3-9 (b)) reveals that the tip of the thrpbase envelope also shifts to the lower right part of the
diagramFig. 3-10shows the phase mole fractions curvasulatedor Example #1 mixturender
isobaric and isothermal comidns. As shown inFig. 3-10, at a given pressure and temperature,
the fraction of vapor phase is decreasetlile thefractions of aqueous and oleic phasee
increasediue to the presence capillary pressure. Thisend is shown irrig. 3-8. Furthermore,

in an oitwet formation, the threphase envelope is altered by capillary pressure to er kedert

when the vapephase trapping occurs in a pore spaoempared to theasewithout vapofphase

trapping.
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Fig. 3-9. (a) Overview andb) zoomed vievof the hreephase diagramalculated foExample
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Pore radius is an essential paraméteolved in capillary pressurealculations. It can directly
affect the extent of alteration threephase equilibria caused by capillary presskig. 3-11
shows four threg@phase envelopes computed for Example #1 mixture considering capillary
pressure in an eivet formation with vaous pore radii: 5 nm, 10 nm, 50 nm, &@D nm.Fig. 3-

12 shows zoomed views near the tips of the shifted {phese envelopes.

FromFigs. 3-1171 3-12, it can be seen thatsmaller pore radius results @nlargershift of the
threephase boundaries due the capillarity effect. Also, in the cases where the pore radii are
equal to 5 nm and 10 nm, the thggase boundaries are shifted significantly in kbealow-
pressure region and higitessure region. In contrast, in the case where the pore ra@igsal to

100 nm, the shift of the thrgghase boundaries is insignificant in btdtkelow-pressure region and
high-pressure region. Therefore, it is rational to conclude that the effect of capillary pressure on
alterationof threephase equilibria can beglected when the pore radius is larger than 106hnm

our case studies
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Fig. 3-11. Threephase diagrams calculated for Example #1 mixture considering the effect of
capillary pressure in an eiet formation with pore radii of (a) 5 nm, (b) 10 nm, (c) 50 and
(d) 100 nm.
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Fig. 3-12. Zoomed views of the thrgghase diagrams calculated for Example #1 mixture
considering the effect of capillary pressure in anat formation with pore radii of (a) 5 nm,
(b) 10 nm, (c) 50 nmand(d) 100 nm.
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3.6.3. Example #2i Mixture of H20-N2-C10-C20

Example #2 is used to study the effect of capillary pressure onpghese equilibria in a confined

space when light componensuch as\», arepresent in watehydrocarbon mixture Fig. 3-13

shows thregohase envelopes calculated for Example #2 mixture considering capillary pressure in
both waterwet and oiwet formationsFig. 3-14 shows the zoomed views of the shifted three
phase envelopes. The pore radius used during the computatiams T@e spreading coefficient

is positive throughout most of the envelope. However, when the bulk pressure is greater than 260
bar and when the bulk temperature is greater than 635 K, the spreading coefficient becomes
negative. This indicates that und&treme conditions (P>260 bar, T>635 K), the fluid distribution
inside a nanoporeanchange fronthe oil spreading case.¢€., the aqueous phase and the vapor
phase are separated by the oleic phast)etoil non-spreading case.€.,the oleic phase arttie

vapor phase are separated by the aqueous phase).

Both Fig. 3-13andFig. 3-14 suggest that the thrg#hase boundaries are shifted from the original
locations to lower locations due to the presence of capillary pressures. This trend is similar to the
calculationresultsfor Example #1as shown irFigs. 3-6 7 3-7. FromFigs. 3-137 3-14, we can

also find that at a fixed bulk temperature, the presence of capillary preskiftesheboundary
pressureslownward At a fixed bulk pressure, however, the st&hce of capillary pressures
increasesthe boundary temperature when the bulk temperature is larger than S2ike

decreases the boundary temperature when the bulk temperature is lower than 520 K.
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Fig. 3-13. Threephase diagrams calculated for Example #2 mixture considering capillary
pressure in (a) a watgret formation and (b) an eWet formation with a pore radius of 10 nm.
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Fig. 3-14. Zoomed views of the thrgghase diagrams calculated for Example #2 mixture in (a) a
waterwet formation and (b) an ewet formation with a pore radius of 10 nm.
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By tracking the IFTs between each two phases in this example (Exampleeifipd thatthe
aqueousvapor IFT is larger thamhe oleic-vapor IFT throughout the envelope. This leads to
possible vapaphase trapping in an eiNet formationFig. 3-15 shows the overview and zoomed
view of the thregohase envelope calculated for Example #2 mixture in aneatiformation when
vaporphase trapping is considerédg. 3-15shows that the presence of capillary pressures shifts
the threephase boundariesdim the original locations to lower locations when vaploase
trapping occurs in an ewet formation. Also, at a fixed bulk pressure, the capillary pressure
increases the boundary temperature when the bulk temperature is larger than \BBileK,
decreasethe boundary temperature when the bulk temperature is lower than 520 K. Furthermore,
by comparingFig. 3-13 (b) andFig. 3-15 (a) we can observe thde threephase envelope is
altered by capillary pressure to a kxsextert when the vapephase trappig occurs in a pore
spacecompared to theasewithout vapofphase trapping. This trend is similar to the one found

for Example #Imixture
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Fig. 3-15. (a) Overview andb) zoomed vievof the treephase diagrarnalculated folExample
#2 mixture in an otwet formation with a pore radius of 10 nm considering the vppase
trapping phenomenon.
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3.6.4. Example #3i Ternary Mixture of H20-Cas-C2o

This example is designed to study the effect gilzay pressure on the alteration of thuglease
boundaries and upper critical end point. The upper critical end point is defined as the point at which
the oleic phase and the vapor phase become one phase (Shaw and Zou, 2007). Therefore, the
capillary pressure between the oleic phase and the vapor phase becomes zero at the upper critical
end point. However, because the aqueous phase is present at the upper critical end point, the
agueousoleic capillary pressure and the aquewapor capillary pressure anet zero. Therefore,

a shift of the upper critical end point due to capillary pressure is exp&aged-16 shows three

phase envelopes calculated for Example #3 mixture considering capillary pressure in beth water
wet and odwet formations with a pormadius of 10 nmFig. 3-17 shows the zoomed views of the
threephase envelopes presentedrig. 3-16. The upper critical end points are highlighted in the

diagramsshown inFigs. 3-16 and3-17.

During the calculation of the thrgghase envelopes, the spreading coefficieintind to bealways
positive which corresponds t&n oil spreading case in a hanopo (the agueous phase and the
vapor phase are separated by the oleic phase). FHmrg-16, the following trends can be found:

the threephase boundaries are shifted from the original locations to lower locations due to the
existence of the capillary pressures. Also, the tphteese boundaries are shifted to a larger extent

in an oilwetformation than in a watexet formation.

In this case study, we also examihe shift of the upper critical end point caused by capillary
pressure. From the zoomed viewdHg. 3-17, it is clearly seen that the upper critical end point
shifts from the original location tthe lower-left location because of the capillarity effectdoth

waterwet and oHwet formations. This indicates that the mixture used in this example (Example
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#3) will reach upper critical end point under the conditions with a lower pressure and a lower
temperature in a confined spaasgompared to the situah wheethe mixture is not in a confined

space.

Vaporphase trapping phenomenon is possiblennil-wet formation for this example (Example
#3) because the aqueevapor IFT is found to be larger than the ofeapor IFT throughout the
envelopeFig. 3-18 showsanoverview and zoomed view of the thrgkase envelope calculated
for Example #3 mixture in an eilet formation considering vap@hase trapping phenomenon.
In Fig. 3-18, the presence of the capillary pressures shifts the-fiivege boundarigsom the
original locations to lower locations. As for the upper critical end point, it is shifted towards
lower-pressure/lowetemperature position due to capillary pressure. Also, by compBring-

17 (b)andFig. 3-18 (b), we canfind thatthe thre-phase envelope is altered by capillary pressure
to a leser extert when the vapephase trapping occurs in a pore spawenpared to thease

without vapofphase trapping.
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Fig. 3-16. Threephase diagrams calculated for Example #3 mixture considering capillary
pressure in (a) a wataret formation and (b) an evwet formation with a pore radius of 10 nm.
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Fig. 3-17. Zoomed views of the thrgghase diagrams calculated for Example #3 considering
capillary pressure in (a) a wateret formation and (b) an eiet formation with a pore radius of
10 nm.
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Fig. 3-18. (a) Overview andb) zoomed vievof the hreephase diagramalculated folExample
#3 mixture in an oilwet formation with a pore radius of 10 nm considering the vppase
trapping phenomenon.
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3.6.5. Example #41 Ternary Mixture of H20-Cas-C20with Different Feed Compositiors

Phase behavior calculations for this example (Example #4) are carried out to examine if the trend
of the alteration in threphase equilibria of a watérydrocarbon mixture due to capillary pressure
remains the same when the feed composition of the miidwrieangedFig. 3-19 shows three

phase envelopes calculated for Example #4 mixture considering capillary pressure invaetvater
formation and an oivet formation.Fig. 3-20 shows the zoomed views of the thyg®ase
envelopes presented kig. 3-19. Also, because the aqueevapor IFT is found to be larger than

the oleievapor IFT throughout the diagrams, the vapbase trapping phenomenon can occur in
oil-wet formations for this example (Example #8ig. 3-21 shows the overview and the zoomed
view of the threephase envelope calculated for Example #4 mixture in awaetilformation
considering vapephase trapping phenomenon. The pore radius used in the calcufatitims

example (Example #4) is 10 nm.

FromFigs. 3-16 and3-19, it is found that thérend of the alteration in thrgghase equilibria of a
waterhydrocarbon mixture due to capillary pressure is the same when the feed composition of the
mixture is changed. The thrpbase boundaries are shifted away from the original location to a
lower part of the diagram due to the capillarity effect. In anwat formation, the threphase
boundaries are severely altered by capillary pressure more compared to the case irwatwater
formation. Furthermore, by comparifig. 3-19 (b)andFig. 3-21 (a) one can findhat when the
vaporphase trapping phenomenon occurs in afwetl formation, the threphase boundaries are
shifted to a lesser extent compared to the caseutitfaporphase trapping. This is also consistent

with what is foundor the othemixtures
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Fig. 3-19. Threephase diagrams calculated for Example #4 mixture considering capillary
pressure in (a) a watgret formation and (b) an eWet formation with a pore radius of 10 nm.
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Fig. 3-20. Zoomed views of the thrgeghase diagrams calculated for Example #4 mixture
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3.7Conclusions

In this work, we propose a new thypkase PT flash algorithmthat consides the effect of
capillary pressureén a confinel space The unique features of our new algorithm include the

following:

1 We summarize sigypes of possibléuid distributions based on formation wettability and
spreading coefficient. Vapgrhase trapping phenomenon is considereglsgpgecial case.
Eachfluid distribution leads to a unique capillary pressure system and is coufgexnlin
algorithm.

1 Phase capillary pressure is calculated using Ydwagace equation (Young 1805) with
the assumptions of equal principle curvature radii and zero contaet &hglliquidvapor
IFTs are calculated using Weinald@tz model (Weinaug and Katz 194®hile the water
hydrocarbon IFT is calculated using the model introduced by DaBé8m)(

1 RachfordRice equationsRachford and Rice, 19%are solved taalculate phase mole
fractions and phase compositsat a given pressure and a given temperatarerderto
couple capillary pressuresito the conventional threphase flash algorithmphase
densities, IFT, and capillary pressure are updateeh updahg thefugacity of a given

component in each phase.

We present four examples to examinepgbgormancef our algorithm and to study the effect of
capillary pressure on the thrpbase equilibria alteration from various aspects. The following

conclusios can bedrawn
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1 The existence of phase capillary pressures significantly alters theptiaseequilibria
Generally, thahreephaseboundary pressure is decreasea iked temperaturewhile
thethreephaseboundary temperature is increased fixed pressure.

1 The threephase envelope is altered by capillary pressure toer kedert when the vapor
phase trapping occurs in a pore spaoenpared to theasewithout vaporphase trapping.

1 Pore radius is an essential factorafiecting how muchalterationof the threephase
equilibriawill take place due teapillary pressureA smaller pore radius leads &darger
alterationof the threephase enveloperhe effect of capillary pressure on alteratain
threephaseenvelopecan be neglected when the pore radius is larger than 100 oon
calculations

1 It is observed that the upper critical end point is shifted towaldsver-pressure and
lowertemperaure position due to capillary pressure. This is because the aepleaus
capillary pressure and the aqueaagpor capillary pressumill not vanishat the upper

critical end point.
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Nomenclature

A = equation of state constant

B = equation of state constant

EOS = equation of state

fix = fugacityof component in oleic phase, bar
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fiy = fugacity of componeritin vapor phase, bar

fiv = fugacity of componentin aqueous phase, bar

IFT = interfacial tension, mN/m

kiy = vaporoleic phase equilibrium ratio of component i

kw = aqueouleic phase equilibrium ratio of component i

M, = molecular weight of liquid phasg/mol

Mg = molecular weight of vapor phase, g/mol

Nc = number of components

P = bulk pressure, bar

Pchi = Parachor of component i

Py = vapor phase pressure, bar

Pw = aqueous phase pressure, bar

P, = oleic phase pressure, bar

Pewo = aqueousdleic capillary pressure, bar

Pcog = Oleicvapor capillary pressure, bar

Pewg = aqueousrapor capillary pressure, bar

r = pore radius, nm
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R= universal gas consthohtt,

S= spreading coefficient

T = bulk temperature, K

Ten = critical temperature of hydrocarbon, K

Xi = mole fraction of componentin liquid phase
yi = mole fraction of componemin vapor phase
Z = compressibility factor

z = feed composition

by = vapor phase mole fraction

bw = aqueous phase mole fraction

Jog = oleicvapor interfacial tension, mN/m

Owg = aqueousvapor interfacialénsion, mN/m
Owo = aqueouleic interfacial tension, mN/m

I nh = oleic phase density, g/ém

} g = vapor phase density, g/ém

J1= liquid phase density, g/ém

| w = aqueous phase density, gfcm
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Lix = fugacity coefficient of componehin oleic phase

Liy = fugacity coefficient of componeitin vapor phase

Liw = fugacity coefficient of componehin aqueous phase

eix = chemical potential of componenin oleic phase

iy = chemical potential of componenin vapor phase

eiw = chemical potential of componenin aqueous phase
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CHAPTER 4 MINIMUM MISCIBILITY PRESSURE
DETERMINATION IN CONFINED NANOPORES CONSIDERING

PORE SIZE DISTRIBUTION OF TIGHT /SHALE FORMATIONS

A version of this chapter has beeublishedin Fuel.
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Abstract

This work develops a modified minimum miscibility pressure (MMP) calculation algorithm that
couples the effects of pore size distribution, capillarity, and confinement. Alshyrae translated
PengRobinson equation of state (HEDS) is employed in the proposed algorithm to provide a
more accurate prediction on phase densities. To calibrate the proposed algorithm, this study uses
a real crude oil sample (Zhang and Gu, 2015eidorm all calculations. The binary interactive
parameters (BIPs) of the components in this oil sample are tuned to match the mea€i@ed oil
MMP in tight cores by Zhang and Gu (2015). Using the proposed algorithm, the effects of
temperature and pore iiad on the confined 6iCO; MMPs are studied in detail. It is found that

the 0itCO, MMP in nanopores decreases with decreasing pore radii. However, the confined MMP
becomes almost constant when the pore radius is larger than 10 nm. With an increagirajuesnp

the confined oHCO, MMP first increases to a certain temperature, and then decreases for all the
tested pore radii. Hence, there exists a maximum confined MMP for every pore radius, and the
maximum confined MMP decreases with a decreasing pdnestavioreover, when predicting the
confined MMP for a real tight reservoir, the pore size distribution is crucial, and the average pore
radius is no longer applicable in the calculations because the confined MMP does not change
linearly with pore radiusResults show that the confined MMP calculated using the proposed

strategy is noticeably lower than the MMP calculated using the average pore radius.

Keywords: Minimum miscibility pressureRhase behaviptUnconventional reservqifwo-phase

flash, Capillary pressure, Confinement effect, Pore size distribution, Volume translation
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4 .1.Introduction

The method of miscible carbon dioxide (g0njection is proved to be an effective way of
improving oil recovery in unconventional light to medium oil reservoirs, such as tight or shale
reservoirs (Yuet al, 2015; Lashgaret al, 2019). The o#CO, minimum miscibility pressure
(MMP) is a crucialparameter in designing and executing.G@ections. Therefore, a precise
description of the oiCO, MMP in unconventional reservoirs is much desired for the industry.
Conventionally, the 0iCO, MMP is determined by experimental studies (Rathreedl, 1971;

Yellig, 1982; Christiansen andHaines 1987; Rao, 1997; Nguyeret al, 2015, empirical
correlations (Holm and Josendal, 1974; Lee, 1979; Mungan, 1981; Orr and Jensen, 1984; Shokir,
2007; ZareNezhad, 2016; ket al, 2012; Ahmadet al, 2017), anccomputational simulations
(Johns and Orr, 1996; Wang and Orr, 1997; Ahmadi and Johns, 2011). However, most of these
MMP prediction methods are developed to determine th€ @il MMPs in the bulk conditions

and are not valid in predicting the MMPs in nangsowhich can be found extensively in
tight/shale reservoirs. Over the years, several modifications have been made to the conventional

MMP determination methods in order to predict theGfi, MMPs in confined nanopores.

Experiments are the most accurasgef determining the 6iCO, MMP. The most widely applied
experimental methods to measure the MMP in conventional reservoirs are the coreflood test
(Rathmellet al, 1971) and the slirtube test (Yellig, 1982). Attempts have been made to utilize
the corefood test to study the e€O, MMP in tight/shale reservoirs by using tight/shale core
samples in the experiments (Gamaial, 2013; Zhang and Gu, 2015; &t al, 2017; Liet al,

2018). They successfully measured theGQ» MMP in tight/shale coreanples and concluded

that oil recovery increases significantly with increasing injection pressures up tc@@&MP.

When the injection pressure is above the MMP, only a slight improvement in oil recovery is
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obtained. The slintube test is accepted adine alternativeo the coreflood test. To measure the
0il-CO, MMP in a confined space, some works replaced the coiled tubing with a silica capillary
column without permeable material inside (Mungan, 1991; Adyani and Kechut, 2007). However,
the inner diameter of the capillary column used in the-slipe apparatus iwith a scale of
millimeters instead of nanometers. Therefore, the conventionatgietest using the capillary
tubes cannot properly reflect the -GiD, MMP in tight/shale reservoirs. More recently, a
microfluidic model was developed and has been sstelly applied in measuring the @O,

MMP (Nguyenet al, 2015. The model is constructed with fully visible microchannels that can
withstand high temperatwsand high pressure. The width and the depth of the channels are also
with the scale of micromers. Given that the nanopores in tight/shale reservoirs generally have
diameters ranging from 5 to 1000 nm (Wang and Reed, 2009), the MMP measurements from the

microfluidic models may lose accuracy in describing theC@ MMP in tight/shale reservoirs.

Provided that the experimental works of the@®, MMP measurements are very demanding on
time and material, some empirical correlations are developed to provide a simple and quick
estimation 6 the o0ikCO, MMP under reservoir conditions. The developedR®l empirical
correlations range from simple temperatdependent forms (Lee, 1979; Yellig and Metcalfe,
1980; Orr and Jensen, 1984) to more complex temperature, oil composition, and gas composition
dependent models (Shokir, 2007;dtial, 2012; Ahmadet al., 2017). These correlations are all
targeted at predicting the €O, MMP in bulk conditions. In order to reflect the effect of a
confined space on the MMP calculations, Zhahgl (2018a) integrated the pore radius into an
existing empirical MMP arrelation (Liet al, 2012) and developed a new correlation to calculation

the MMP in a confined space. The new MMP correlation developed by #taalg(2018a) is
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shownto be more accurate in predicting the-©{D. MMP in confined nanopores compared to

other existing correlations.

Since all the existing MMP empirical correlations are developed with limited experimental data
andno correlation is universally valid, the application of these empirical correlations becomes
troublesome in certain circumstasc Hence computational simulation methods have been
developed to predict the 680, MMP through the cubic equation of state (CEOS). Because of
the decent accuracy and robustness of these computational methods, many researchers have made
certain modificéions to study the MMP in a confined space ughmsecomputational methods.
These modifications mainly focus on improving the phase behavior predictability of the CEOS in
a confined space because a strong capillary pressure can significantly afféetstdehavior of
reservoir fluids (Sun and Li, 2019; Sun and Li, 2020). One of the first attempts in modeling the
confined oitCO2 MMP was initiated by Teklet al (2014a). The authors coupled capillary
pressure and a critical point shift model (Zarrageaghea and Kuz, 2004) in the S model
(Peng and Robinson, 1976) and calculated véigaid IFT using the Parachor mod&Véinaug

and Katz, 1948 They found that the oiCO, MMP is reduced due to the effect of nanopores
compared to the MMP calculated in the bulk conditions. The theory of the vanishing interfacial
tension (IFT) was originally proposed to be used as a criterion to measure-ghs MMPs in
experiments (Rao,9P7). It was then adopted in the computational methods to predict thasoil
MMP in a confined space by calculating vagiquid IFT using modified CEOS (Wanet al,
2016a). Wanget al. (2016a) applied Perturbéghain Statistical Associating Fluid TheofyCG

SAFT) (Gross and Sadowski, 20tb calculate vapeliquid IFT in the vanishing IFT method. In

addition, the authors also considered IFT reduction due to the confinement effect. They observed
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a significant MMP reduction in confined nanopores fromrtbaiculation results. This conclusion

corroborates with several later research works (Zlehad, 2017a; Zhangt al, 2017b).

The method of characteristics (MOC) was proposed by Johns and Orr (1996) to calculate the MMP
for a multicomponent system withore than four components. Zhagtgal (2018b) modified the

MOC algorithm by coupling a large capillary pressure in an EOS model. They found that the MMP
is only affected by capillary pressure when the fluid system has more than three components. On
theother hand, the MOC method is very complex and suffers from convergence issues (Yuan and
Johns, 2005). Another walleveloped computation method to calculate the MMP is the multiple
mixing cell (MMC) method proposed and refined by Ahmadi and Johns (ZDdKliet al (2014b)
coupled capillary pressure and critical point shift (Zarragoicoechea and Kuz, 2004)EO®R
(Peng and Robinson, 1976) and conducted the MMC calculations. They obtained a dramatic
reduction of the oiiCO, MMP due to the confinementfett at a pore radius of 4 nm. However,

with a pore radius of 20 nm, MMP reduction in the confined space is negligible. In their work
(Tekluet al, 2014b), volume translation is not applied in theEBB®S model (Peng and Robinson,
1976) which leads to amdorrect prediction of phase densities and thereby an inaccurate

calculation of vapetiquid IFT.

The aforementioned methods used to study thR€O# MMP in a confined space suffer from poor
accuracy. Experimental works are complicated and not entiedlgble. The correlations
developed to calculate the confined MMPs are heavily limited by the low availability of
comprehensive experimental data. The modified MOC method (Zétaaig2018b) is complex
and has serious convergence issues. The modified Mikt8od developed by Tekét al (2014b)

is the most promising method to study the confinedC@ MMP. However, their algorithm did

not employ a volume translation model. This may cause incorrect phase density prediction in the
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confined space. Also, acltight/shale formations all have highly heterogeneous pore spaces.
Therefore, the effect of pore size distribution on theCék MMP should be properly addressed
in an MMP prediction method. However, the pore size distribution is not considered xistimge

confinedoil-CO, MMP calculationmethodgqTeklu et al, 2014b).

This work is devoted to developing a comprehensive thermodynamic model thatocan
reasonablydescribe the 0iCO, MMP profiles in tight/shale reservoirs with the consideration of
pore size distribution. In this study, a new MMP calculation algorithm is developed based on the
MMC algorithm (Ahmadi and Johns, 2011). The effects of pore size distribution, capillarity, and
confinement are coupled in the proposed algorithm. Also, a tigokime translated PEOS

model (Peng and Robinson, 1976; Abudetial, 2013) is employed for a better prediction of
vapokliquid IFT. The proposed MMP calculation algorithm is first calibrated with acogflood

test conducted using tight core sansdlghang and Gu, 2015). It is then applied to perform a series

of calculations to examine the robustness of the algorithm and to study the effect of temperature

and pore radius on the €10, MMPs in confined nanopores.

4.2.Methodology

This section presents the mathematical formulations of thE®@® mode(Peng and Robinson,
1976) coupled with capillary pressure, confinement effactd the volume translation method

proposed by Abudouet al. (2013).

4.2.1. Confined Thermodynamic Model

In this study, the volume translated RS (Peng and Robinson, 1976; Abudatral., 2013)is

employed for the twqphase equilibrium calculations. In order to reflect the effect of confined
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nanopores on the twghase equilibrium calculations, capillary pressamd a critical point shift

model are coupled with the EOS model during the calculations.

At given pressure, temperature, and mixture compositions, thghage equilibrium can be
determined by satisfying the chemical potential equality condition giveq.iéd-1) Whi t son and

Brul ®, 2000

~ ~ ~ .

ORY ¢ ORYW Q pBH) (4-1)

wheregix andeiy are the chemical potential of componkint the liquid phase and the vapor phase,
respectively,P is the liquidphase pressurdy is the vapoiphase pressurd. is the system
temperature, and is the mixture feed compositions. The chemical potential equality condition
can be alternatively @xessed in terms of fugacity which can be calculated b{E®R(Peng and

Robinson, 1976)The fugacity equality condition is giveninE4:2) Whi t son anyd Br ul @
"Q 0 AV Q 0 AYa Q pMB ) (4-2)

wherefix and fiy are the fugacities of componehtin the liquid phase and the vapor phase,
respectively. Note that in the bulk conditions, the liquid pressure and the vapor pressure are equal
to each other. In confined nanopores, however, the liquid pressuthendpor pressure are
different due to the existence of capillary pressure. Capillary pressure can be expressed-by Eq. (

3).
O 0 U (4-3)

whereP is the capillary pressure of the adjacent liquid and vapor phases. The-lYapiage

equation(Young, 1805) is employed here to calculate capillary pressure with the assumptions of
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zero contact angle and equal principle pore radii. The Y<uapdace equation is given in Ed-(

4) (Young, 1805).

0 — (4-4)

whererpi s t he pore radius, 0 represents the | FT

can be calculated using the Parachormodiel { n a u g a n HgivéhantEq. 4-5).1 9 4 3

i B 0 ' Q pMB ) (4-5)

wherePchi is the Parachor constant of componkni andj g are the liquidphase molar density
and the vapephase molar density, respectively. In the proposed MMP calculation algorithm, the

liquid-phase molar density is corrected by volume translation aradiciglated by Eq.4-6).

” (4-6)

whereVceor, is the corrected liquigpghase molar volume. This volume translation model will be

discussed in detail in section 2.2.

Apart from a large capillary pressure introduced by nanoporestyitioal properties (i.e., critical
pressure and critical temperature) of mixtures inside a confined space are shifted as well due to the
strong moleculavall interactions (Qiwet al, 2019; Taret al, 2019). An analytical modegcently
proposed byranet al (2019) is coupled in the PROS model (Peng and Robinson, 1976) to
mathematically calculate the critical properties shift of theoiistituting components generated

by confined nanopores. This model is based on the one proposé&atragoicoechea and Kuz
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(2004) but is modified and validated with recent experiments. The analytical modedt(abgn

2019) used to calculate the critical properties shift is given inZeg). (

Y

T8t v p & C & UL Y-

Iy

fp T TR OB UG (4-7)

r'p
w

" T™® T T—

whereTcp andTep are the critical temperatures in the bulk conditions and nanopores, respectively,
Pcb andPgp are the critical pressure in the bulk conditions anmtbpares, respectively, arig; is

the collision diameter, also known as the Lennhodes size parametétig. 4-1 illustrates the
calculated critical properties reductions for hydrocarbon components of a real crude oil sample
due to the confinement effect (Zhang and Gu, 2015). It is seenRmn-1 that the critical
temperatures and critical pressures of hydramardomponents are all reduced in the confined

space. The reduction effect becomes more significant with a smaller pore radius.
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Fig. 4-1: Reductions of (a) critical temperature abjlgtritical pressure due to the confinement
effect of constituting components of a crude oil sample studied by Zhang and Gu (2015).
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4.2.2. Volume Translation Model

The volume translation model developed by Abudetual (2013) is a temperatwdependent
model thatan be applied to multicomponent systems. The equation is given &g Abudour

et al 2013).

(4-8)

whereVeor is the corrected molar volum¥gris the original molar volume calculated by RS
(Peng and Robinson, 1976&)n is the volume translation term for mixturegm is the volume

correction for mixtures at the critical point, atiglis the dimensionless distance function.

The volume transtaon term for mixture<m is calculated using Eg4-9) (Abudouret al, 2013).

0 — 0 MInTo QwuncQ (4-9)

whereTcmis the critical temperature for mixtursmis the critical pressure for mixture, aBam

is a fluiddependent parameter for multicomponent systems.

The critical pressure of the mixtuiRemis calculated by Eq4€10) (Aaltoet al, 1996).

0 (4-10)

whereR is the universal gas constant angl is the acentric factor for the mixturgmcan be

calculated using a simple linear mixing rule given in BeflY) (Aaltoet al, 1996).

~,

] B "Q pfB M) (4-11)
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wherev; is the acentric factor for componentThe same linear mixing rule is also applied to

calculateCimgiven in Eq. 4-12) (Penelouwet al 1982).

6 B 6 Q pMB ) (4-12)

whereC;; is a fluiddependent parameter for componkahdcan be calculated using Eg-13)

(Penelouet al. 1982).

6 mq@ep THPTIP (4-13)

where Zxp,i is the experimental critical compressibility factor for compoment

The dimensionless distance function is applied to improve the accuracy of volume correction in
the neadcritical region. The dimensionless functidn is calculated by Eqg.4¢14) (Chou and

Prausnitz, 1989).

Q — — (4-14)

Prris the system pressure, anglis the molar density of the mixture.

In Eq. @-8), the volume correction for mixtures at the critical paintis a compositiordependent

function and the equation is given by E4t16) (Abudouret al, 2013).

y OF © 0O 0 (4-1 5)

wheVcm, dr8x)t he predicted mixture CcHEIOSI ¢ ®#lengolauwmr
Robinsonndch@k6)t,heatrue cri tVegm dPk svodallnmeu loadt emd X

(4-1 6(Mbudouret al, 2013)
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Wi ©® — Of (4-16)

wheZe éos the calculated critical -EOBp(&ssigbialhi
Robinson, 1976) that haia ecshsmantdvdlasedon

sur f ace—f raanat ic 0 n dGhuwely and Rrausnitz, 1967)

~

® ® B —m Q pBH (4-17)
4.3.MMP Algorithm Considering Pore Size Distribution

The algorithm of the proposed MMP calculation is based on the standard MMC calculation
procedure (Ahmadi and Johns, 2005). The-plhase equilibriumalculation within the standard
MMC calculation is modified to reflect the effects of capillarity and confinement in nanopores. A

detailed procedure for conducting the proposed MMP calculation is presented as follows.

1) The algorithm is initiated with a spécation on the reservoir temperature. The critical
properties shift of each component is calculated to include the confinement effect.

2) The first contact is made by mixing the first two cells that are filled with injection gas and
reservoir oil. Théeed composition of the mixture can be calculated by the material balance
equation given in Eq4{18).

O O ™MW o (4-18)
wherez is the mole fraction of componehin the gasoil mixture, x© andyi® represent the mole
fraction of componernitin the liquid phase and the vapor phase, respectively.

3) After the overall feed compositions of a gak mixture are obtained, the twmhase
equilibrium calculation coupled with capillary pressure and the drgimat shift model is

conducted with the overall feed compositions. Then, the mole fraction and the
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compositions of the equilibrium vapor phase and the equilibrium liquid phase can be
acquired from the flash calculations. In addition, thelitie lengthof this contact is

recorded and can be calculated by Begl9) (Ahmadi andlohns 2011):

YO B o © (4-19)

whereTL is the tieline length,N¢ is the number of components,andy; represent the mole

fractions of component in the equilibrium liquid phase and the equilibrium vapor phase,

respectively.

4)

5)

6)

Then the algorithm moves on to the second contact where two contacts occur: the contact
between the injection gas and the equilibriliquid phase; the contact between the
equilibrium vapor phase and the reservoir oil. Tp¥tase equilibrium calculation coupled

with capillary pressure and volume translation is conducted for both contacts and the tie
line length of each contact is reded.

The additional contacts between the neighboring cells proceed until the #egdiare
developed. Note that the key tie lines are fully developed when the same values of the tie
line lengths are obtained for three successive ¢@llsnadi and Johsy 2005). The
minimum tieline length for all contacts is recorded.

The proposed MMP calculation is performed at different pressures. The minimtie key

line is reduced with a higher pressure. The MMP is determined at the pressure where the
minimum key te-line length reaches zero and can be estimated by extrapolating the
minimum key tieline lengths at the last several pressures. The plameextrapolation

used to estimate the MMP is given in E4t20) (Ahmadi and Johns, 2005)

YO DO (4-20)
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wheren is the exponential parametex,is the slope, anth is the intercept of thg-axis. It is
suggested that the paramstar a, andb can be finalized when the square of the correlation
coefficient exceeds 0.998hmadi and Johns, 2005).

7) The prgposed MMP calculation algorithm possesses the capability of predicting the
confined MMP when the pore size distribution is available. Ideally, the capillary pressure
should be calculated using a function of oil and gas saturations in a reservoir sitoulator
consider the pore size distribution. Suaiequation is given below (Rezavesi al,

2018).
o0 6, - — (4-21)

where"Y and"Y are the normalized saturation of oil and gas, respectivelyr e pr esent s

between the liquid phase and the vapor phaseporosity k is permeability, an€,c andEyc are

constants. To apply this equation, the normalized saturation of oil asti@ald be obtained for

each contact. Then the capillary pressure considering pore size distribution can be calculated.

However, in a standalone confined MMP calculation practice as developed in this work, a mixing
rule is used as an alternative to inclule effect of pore size distribution on the confined MMP
calculation. When the representative pore size distribution of a given tight/shale formation is
available, the following mixing rule is proposed to calculate the average confined MMP.

000 B O 000 (4-22)
whereMMPag is the average confined MMR;, is the total number of representative pore sizes
obtained from the pofsizedistribution chartsDy is the distribution of pore radiug andMMP
is the MMP at pore radius. In general, the confined MMP corresponding to each pore radius is
first cdculated. Then, the mixing rule expressed by EBeRZ) is used to calculate the average
confined MMP in tight/shale reservoirs.
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This proposed MMP calculation algorithm provides an estimation of #&®iIMMP in confined
nanopores with the consideration of the pore size distribution. The MMP calculation algorithm
proposed by this work is similar to the one developed by Teklal (2014b). However, our
algorithm adopts a volume translation method (Abudkial, 2013) to improve the accuracy of
vaporliquid IFT prediction which results in a better description of the-plvase equilibrium in
confined nanopores. Also, the algorithm proposed by this work employs-afséateritical point

shift model whit has been validated by experimg(itanet al, 2019) Furthermore, the pore size
distribution is considered in the algorithm and a new MMP calculation strategy is proposed; to our
knowledge, this is not featured in any previous research. An overvidve giroposed confined

MMP calculation workflow is given iifrig. 4-2.

Specifications of oil properties and
reservoir temperature

!

No Yes
Pore size distribution is available

Y \

Apply proposed algorithm to calculate Apply proposed algorithm to calculate
minimum tie-line lengths at different minimum tie-line lengths at different
pressure using average pore radius pressures for each representitive pore size
Extrapolations of calculated minimum Extrapolations of calculated minimum
tie-line lengths to determine confined tie-line lengths to determine confined
MMP for average pore radius MMP for each representitive pore size
Apply mixing rule to obtain
average MMP

,.| Obtain confined MMP profiles
for tight/shale reservoirs

A

Fig. 4-2: Overview of the MMP calculation workflow using the proposed algorithm with the
consideration of pore sizhstribution.
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4.4 Results and Discussions

During the twephase equilibrium calculations in the proposed MMC algorithm, the volume
translated PHEOS (Peng and Robinson, 1976; Abudetual, 2013) is employed to provide a
more accurate prediction @imase densities and thereby improve the accuracy of IFT calculations.
The performance of coupling volume translation in the confined-pfnase equilibrium
calculations is examined by comparing the calculated IFT with the experimental\t&teg

and Katz 1943; Seneviratnet al, 2017 for a binary hydrocarbon system. Then, the compositions
and properties of a real oil sample are extracted from the study by Zhang and Gu (2015). The
binary interactive parameters (BIPs) of this oil sample are calibrategithe MMP data measured

in tight cores by Zhang and Gu (2015). This oil sample is used in the subsequent calculations to
study the effects of temperature, pore radius, and pore size distribution on the confined MMP

calculations.

4.4.1. Validation of IFT Calculation

The experimental IFT data are collected from the literatMefaug and Katz, 1943; Seneviratne

et al, 2017 for a binary hydrocarbon mixture methgm@pane (&Cs). The experimental IFTs

are measured at different temperatures and compositionsr-Mayid IFTs of the mixture ¢Cs

are calculated at the experimental conditions to examine whether using a more accurate volume
translation method in REOS( Peng and Roimpraves dhe ,interfhc®al’ téngsion
reproduction.Fig. 4-3. Shows a parit plot that compares the calculated IFTs against the measured

IFTs.
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Fig. 4-3: Comparison between calculated vapquid IFTs and experimental data (Weinaug and
Katz, 1943; Seneviratne et al., 2017) igdrocarbon mixture CCa.

The average absolute deviation of IFTs calculated BEPB (Peng and Robinson, 1976) from
the experimental da(@Veinaug and Katz, 1943; Seneviragtal, 2017)for the G-Cz mixture is
21%. After the volume translation method (Abudairal, 2013) is applied, the average absolute
deviation of calculated IFTs from the measured oWésijaug and Katz, 1943; Seneviragial.,
2017)is reduced to 9%. The volume translated B®S (Peng and Robinson, 1976; Abudeur

al., 2013) significantly increases the accuracy of IFT prediction for the hydrocarbon mixture C

Cs. As such, the implementation of volume translation in theERf$ model (Peng and Robinson,
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1976; Abudouret al, 2013) can effectively improve the accuracy of the {pbase equilibrium

calculations in confined nanopores.

4.4.2. Calibration of the MMC Code with Measured MMP

The proposed MMP calculation algorithm is validated using the measured confined MMP data
(Zhang and GL015). Using six cores, Zhang and Gu (2015) conductedi@@ling experiments

to study theefficiencyof CO; flooding for tight oil recovery. Oil recovery factors of five tight core
samples being displaced by pure fre measured in the experimentse Bxperiments were
carried out with a reservoir temperature of 326.15 K. They conducted the coreflood tests with five
tight core samples at different injection pressures and they performed quadratic extrapolation to
obtain the oil recovery factor curve. dhil-CO, MMP in tight core samples was determined to be

123 bar at an oil recovery of 87% (Zhang and Gu, 2015).

The measured MMP is used to calibrate the BIPs between the constituting components in the crude
oil and CQ. Then the calibrated MMC code imployed to perform all the subsequent calculations.

The G- fraction of this oil sample is lumped into seven pseudo components. The critical properties
of these pseudo components are calculated using the mixing rules proposed by Lee and Kesler
(1975). TheBIPs between each constituting component and @@ tuned by matching the
calculated MMP and the confined MMP measured by Zhang and Gu (2015). Because the pore size
distribution chart is not available for the tested core samples, the average pore traelifived

tested tight core samples are estimated in order to properly calculate the confined MMP. The
average pore radii can be estimated using the Winland equation (Kolodzie Jr. 1980) given in Eq.

(4-23).

AEQ T 0 CT® Yt QAR e &'Q (4-23)
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whererss is the pore radius at 35% mercury saturatios,the core permeability imD, and" is

the core porosity in percentage. The average pore radius of five tested core samples is calculated
to be 42.67 nm. Then, the BIPs can be determineddighing the calculated confined MMP with

the experimental data. The compositions, physical properties, and tuned BIPs of the constituting

components for the tested oil sample are listethinle 4-1.

Table 4-1: Compositions and physical properties of the oil sample used in the experimental
study by Zhang and Gu (2015).

Critical Critical Acentric
pressure | temperaturg factor | Parachor| BIPswith
Compositions | (Pc), bar (To), K (¥) (Pch) COy
Cs 0.002 42.46 369.80 0.152 150.30 0.070
Cs 0.012 38.00 425.20 0.193 189.90 0.070
Cs 0.037 33.74 469.60 0.251 231.50 0.070
Ce 0.050 32.89 507.50 0.275 250.11 0.073
Cr 0.107 31.38 543.20 0.308 278.40 0.073
Cs-C1o 0.218 27.34 597.49 0.395 345.66 0.073
C11-Ca3 0.154 22.10 662.26 0.517 448.65 0.074
Ci14-Ca7 0.138 18.09 724.30 0.662 573.30 0.074
Cis-C 0.091 15.01 775.23 0.799 695.05 0.074
C22-Cas 0.052 12.73 818.78 0.926 793.57 0.074
C26-Cso 0.047 11.01 855.30 1.034 879.70 0.074
C31-Css 0.031 9.41 895.40 1.147 967.66 0.074
Ca7+ 0.062 8.51 1014.58 1.685 | 1078.87 0.074

The 0itCO, MMP of this oil sample under the experiment conditiofs36.15 K) (Zhang and

Gu, 2015) is calculated to demonstrate how the confined MMP is determined using the concept of
key tieline lengths (Ahmadi and Johns, 2011). The MMP of this oil sample in the bulk condition

is also calculated for comparison. The odted minimum tidine length curves with different

pressure and their extrapolations are showfign4-4.
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Fig. 4-4: (a) Minimum tieline length curves at different pressures and (b) gwmpolation for
the oil sample being displaced by £@nder the bulk conditions and experimental conditions
(Zhang and Gu, 2015).
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It is seen frontig. 4-4 that there is a clear reduction of the MMP in a confined space compared to
the bulk MMP. This is de to the combined effects of capillary pressure and critical point shift.
This result proves that the proposed algorithm is able to reflect the effect of the confined space on
the MMP calculations. To examine the robustness of the proposed algorithding fime key tie

line lengths, four profiles of tiéne length for the oil sample being displaced by pure d@he

bulk conditions and a confined space at a reservoir temperature of 326.15 K and an injection
pressure of 115 bar are calculated as funstiof the contact numberBig. 4-5. Shows the

calculation results.

0.40

0.35 ® 50 contacts (bulk) i
@ 100 contacts (bulk) 1
® 150 contlacts (bulk)
® 250 contacts (bulk) .
= 0.30 v 50 contacts (confined) 1
o v 100 contacts (confined) i
5 v 150 contacts (confined)
— H v 250 contacts (confined)
o (.25
R=! .
)
2
= L
0.20
0.15 | " Y -
010 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250

Contact Number

Fig. 4-5: Key tielline development for the oil sample being displaced by pureaC826.15 K
and 1D bar in the bulk conditions and a confined space with a pore radius of 42.67 nm.

Fig. 4-5 shows the development of key-tire lengths of the oil sample being displaced by pure

COe with four different total contact numbers. It is previously mentioned that the kégdies
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