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Abstract

Production of oil and gas from shale reservoirs has gained more attention in the past
few decades due to its increasing economic feasibility and the size of potential sources
around the world. Shale reservoirs are characterized by a more tight nature in compari-
son with conventional reservoirs, having pore size distributions ranging in the nanometer
scale. Such a confined nature introduces new challenges in the fluid phase behavior. High
capillary forces can be experienced between the liquid and vapor, and selective adsorption
of components onto the rock becomes relevant. The impact of these effects is of great
importance to understanding the storage of hydrocarbons inside and to forecasting its
production.

In this thesis, a study focused on the effects of capillary pressure and adsorption on phase
behavior, and their impact on oil production is provided. An efficient algorithm for phase
envelope calculations in the presence of the capillary pressure is presented, and it is used
to analyze the main changes on the phase boundary for several fluids of interest. The
results show changes in the saturation pressure and temperature along the phase envelope,
except at the critical point. A linear analysis is presented to explain such changes, as a
result, useful mathematical relationships that estimate the magnitude of these changes
were obtained. Moreover, a flash algorithm that accounts for capillarity was developed.
The algorithm was implemented into a fully implicit compositional reservoir simulator,
which was then used to assess the impact of the capillary pressure on phase behavior in
oil and gas production from tight reservoirs.

Since capillary pressure and adsorption occur simultaneously in shale, its combined effect
was studied. A model comparison for high-pressure adsorption in shale is presented.
The adsorption data in shale is generally scarce, therefore, additional capabilities besides
the accuracy were considered in the comparison. The multicomponent potential theory of
adsorption yields the best results. Moreover, it shows to be useful to extrapolate adsorption
data for hydrocarbons that are not available in the literature. An algorithm for phase split
calculations considering both capillary pressure and adsorption was developed. The results
show that adsorption and capillary pressure can significantly change the phase behavior.
In general, a much shrunk phase envelope with a shifted critical point is obtained for
hydrocarbon mixtures. Such behavior is mainly caused by compositional changes in the
bulk phase due to selective adsorption of the heavier components onto the rock, while the
change in bubble point pressure is mainly due to capillary pressure.

This study has developed several robust calculation tools for phase equilibrium in porous
media with capillary pressure and adsorption effects. Analysis using these tools have shown
that capillary pressure and adsorption have non-negligible effects on phase equilibrium in
shale. As general tools, they can be used to calculate phase equilibrium in other porous
media as well. The compositional simulator with added capillary pressure effects on phase
equilibrium can be used for evaluating the effects in dynamic and more complex scenarios.






Resumé pa Dansk

Produktion af olie og gas fra skifergas reservoirer har faet mere opmaerksomhed i de seneste
artier pagrund af gget gkonomisk incitament og maengden af potentielle kilder i hele ver-
den. Skifergas reservoirer er karakteriseret ved taettere struktur i forhold til traditionelle
reservoirer, med en distribution af pore stgrrelser i nanometer skala. En sadan teet struk-
tur medfgrer nye udfordringer i fluid fasernes opfgrsel. Kraftige kapilleerer kreefter kan
forventes mellem vaeske og gas og selektiv adsorption péstenen bliver relevant. Virknin-
gen af disse effekter har stor vigtighed for forstdelsen de oplagret carbonhydrider og for
forudsigelsen af produktionen.

I denne afhandling er der udfert et studie med fokus paeffekten af kapilleertryk og ad-
sorption pafase opferelse og deres virkning paolie produktionen. FEn effektiv algoritme
for fasekonvolut beregninger under indflydelse af kapillsertryk er preesenteret, og den er
brugt til at analysere de vaesentligste sendringer af faseligeveegten for en resekke fluider
af interesse. Resultaterne viser sendringer i meetningstryk og temperatur langs fasekon-
volutten, med undtagelse af det kritiske punkt. En lineser analyse er praesenteret for at
forklare sadanne sndringer, og som et resultat af dette blev fundet brugbare matematiske
forbindelser, der estimerer stgrrelsen af disse sendringer. Derudover er der udviklet en
flash algoritme der tager hgjde for kapillaritet. Denne algoritme blev implementeret i en
fuldt implicit kompositorisk reservoir simulator, der da er brugt til at beregne virkningen
af kapilleertrykket péafase opfarelsen ved olie og gas produktion fra teette reservoirer.

Da kapilleertryk og adsorption sker simultant i skifer er den kombineret effekt undersggt.
En model sammenligning for hgj tryk adsorption i skifer er praesenteret. Adsorptions data
i skifer er generelt fa, og derfor, er andre egenskaber ud og preecision taget i betragt-
ning i denne sammenligning. Modellen multicomponent potential theory of adsorption
giver de bedste resultater. Det viser siger derudover at den er brugbar til ekstrapolering
af adsorptions data for carbonhydrider der ikke er tilgaengelige i litteraturen. En algo-
ritme for fase split beregninger med bade kapilleertryk og adsorption taget i betragtning
er udviklet. Resultaterne viser at adsorption og kapilleertryk kan sendre fase opfgrelsen
signifikant. Generelt er set en meget skumpet fasekonvolut med et forskudt kritisk punkt
for carbonhydrider. Denne opfgrsel er primeert forskyldt af sammenssetnings sendringer
i den primere, frie, fase, pagrund af selektiv adsorption af de tungere komponenter til
stenen, mens &ndringen i boblepunktstryk er primeert forskyldt af kapilleertrykket.

Dette studie har udviklet flere robuste beregnings veerktgjer for fase ligeveegt i porgse
medier under indflydelse af kapilleertryk og adsorption. Analyser lavet ved brug af disse
vaerktgjer viser at kapillaertryk og adsorption har en ikke ubetydelig effekt pafase ligevaegten
i skifer. Som generelle vaerktgjer kan de ogsabruges til at beregne faseligeveegt i andre
porgse materialer. Den kompositoriske simulator hvor kapilleertryks effekt pafaseligevaegt
var tilfgjet kan bruges til evaluering af effekter i dynamiske og mere komplekse scenarier.
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CHAPTER 1

Introduction

Global demand for energy and fuels increases every day as the world’s population
grows and new large economies emerge. The continuous seek for new technologies
and feasible energy resources is needed to meet that energy demand. On one hand,
production of oil and gas from conventional resources decreases every year due to the
depletion of reserves around the world. On the other hand, new technologies such
as wind and solar power, are still not sufficiently mature and economically viable
to cover the gap between the energy demand and supply. As a result, exploitation
towards unconventional energy resources has grown in the past few decades. New
technologies such as horizontal drilling and multistage hydraulic fracturing have
been crucial to economically produce oil and gas from shale reservoirs, which once
were considered to be of no technical viability. The Barnett Shale in central Texas
is recognized to be the shale play that lead the so-called Shale Gas Boom, being
the first economically viable to produce [1]. Since then, production from shale has
been the fastest growing energy sector in the United States, being able to partly
substitute electricity production from coal-fired power plants [2]. The same trend is
expected in other parts of the world. However, current recovery factors of producing
fields are very low in comparison to conventional reservoirs. The recovery factor
for shale gas ranges from 20% to 30%, and for shale oil from 3% to 7% [3]. A
better understanding of the processes involved in the subsurface and throughout
their production can lead to improve existing techniques and develop new ones that

can achieve higher recovery factors.

Around 60% of the earth’s sedimentary crusts consists of shale, which serves as
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a the source rock for conventional reservoirs. It possesses ultra-low permeability
of several orders of magnitude lower than that of conventional reservoirs. It is
not unlikely to find a shale reservoir with porosities from 0.1 to 0.25 and a rock
permeability in the nano-Darcy scale [4-6]. The poor flowability of the contained
fluids is one of the reasons of its low recovery factor. Moreover, shale consists of a
heterogeneous mixture of organic and inorganic matter resulting in a wide variety
of surface chemistry and pore shapes/sizes [7]. The combination of both ultra-tight
nature and surface heterogeneity introduces many challenges at different stages from
its storage to its final production. A better understanding of phase behavior in
confined systems is of great importance to address many of these challenges. It
would allow us to better estimate the physical and thermodynamic properties that
determine its storage and flow in the subsurface. Moreover, knowledge of phase
equilibrium in shale could serve to develop models and algorithms, that in the long
run could be used in reservoir simulation to study the oil and gas production at the
field scale.

Phase equilibrium in confined spaces differs from that in bulk. High capillary forces
and wall effects become relevant in pores ranging in the nanometer scale. The effect
of the capillary pressure in phase equilibrium has been studied both theoretically
and experimentally. A key finding was obtained by Fisher and Israelachvili [8-10]
when they confirmed the validity of the Kelvin equation down to a few nanometers
(~ 4nm or eight times the molecular diameter) for pure cyclohexane by measuring lig-
uid bridges between crossed mica cylinders. In relation to Fisher and Israelachvili’s
work, Christenson [11] demonstrated the validity of the Laplace equation between
water and oil to radii of two nanometers suggesting the validity of continuously
curved interfaces at nanometer scale for liquid-liquid systems. The picture is more
complicated for mixtures. Adsorption of components to the solid, and to the liquid-
vapor interface, are difficult to control within standard experimental setups. Never-
theless, attempts have been made using differential scanning calorimetry for fluids
inside controlled pore glasses with pore sizes in the nanometer scale [12] . Deviations
from the bulk phase behavior are observed, however, due to the complex interplay
of the adsorption effects and capillarity in the experiment, it is difficult to draw
strong conclusions. From a theoretical point of view, the Kelvin equation has been
extended to mixtures by Shapiro and Stenby [13]. In their subsequent work [14],
they provided a solid analysis establishing the boundaries on the intensive variables
in which phase equilibrium under capillary pressure can exist . In addition, Sherafati

et al. [15] presented an algorithm for stability analysis including capillarity based
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on the minimization of the modified tangent plane distance proposed by Michelsen
[16]. Furthermore, the impact of the capillary pressure on phase behavior in oil
production has been studied using reservoir simulations by several authors obtain-
ing common findings [17-20]. In general, the cumulative oil production increases
and changes in the producing GOR are encountered compared to the case were no
capillarity is accounted in the phase equilibrium. These changes become negligible

at pore sizes above 50-100 nm.

Adsorption effects become more relevant as the pore sizes decreases and the surface-
volume ratio of the system increases. Adsorption is considered the principal effect
occurring in micro-pores and small mesopores of natural reserves [21]. The storage of
gas in shale mostly occurs within the organic micropores and mesopores. Moreover,
the density of the adsorbed phase can be 1.8-2.5 times larger than that of bulk [22].
Experimental measurements of adsorption at reservoir conditions are challenging.
A complete study on the reproducibility of high-pressure adsorption measurements
in shale was recently presented by Gasparik et al. in an inter-laboratory com-
parison [23]. Shale samples were distributed among research groups to measure
adsorption isotherms of methane, ethane and carbon dioxide at high pressures. Re-
sults show significant deviations among the reported adsorption isotherms by the
involved groups. Thus, establishing guidelines for standardized procedures is nec-
essary to obtain reproducibility of results at high-pressure in shale. Furthermore,
experimental data for binary systems and mixtures are scarce and just limited to
few hydrocarbons gases and CO,. However, molecular simulations can be utilized
to mimic controlled experimental setups that can help us improve the knowledge of

the adsorption processes occurring inside shale organic matter[24, 25].

Capillary pressure and adsorption effects occur simultaneously in confined spaces.
Capillary condensation and pore filling are some examples of the combined effect of
capillary forces and adsorption. For instance, for a pure component at sub-critical
temperatures, its adsorption isotherm inside a capillary tube will describe the thick-
ening of the adsorbed phase next to the wall as a function of the pressure. As the
wall thickens, capillary forces will be enhanced due to the reduction of the effective
capillary radius. The combined effect will result in a capillary condensation at a
lower dew point pressure than that of bulk. Moreover, for a heterogeneous porous
media, the subcritical adsorption isotherm will describe both thickening of the ad-
sorbed phase onto the wall and the pore filling process. Due to the heterogeneous
nature of the system, the condensation will start at the smallest micro-pores. As

the pressure increases, phase transition will occur in an increasing order from small
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to large pores, describing a pore filling process. For multicomponent mixtures, the
picture is more complex. Selective adsorption of components can modify the com-
position of the bulk phase (middle of the pore), and therefore, the properties that
determine the capillary forces also change. To describe such processes, advanced
models and tools are required. The Multicomponent Potential Theory of Adsorp-
tion (MPTA) is an example that can handle both, adsorption and phase changes of
multicomponent mixtures inside porous materials. It was developed by Shapiro and
Stenby [26] as an extension of the potential concept originally suggested by Polanyi
[27]. Moreover, Li et al. [28] applied the Density Functional Theory (DFT) to de-
scribe phase behavior of confined multicomponent mixtures. Similar to MPTA, it
is able to handle adsorption and phase behavior simultaneously. Both MPTA and
DFT are predictive tools that can give and insight of the phase behavior in confined
spaces. However, they still remain as computationally expensive models in the con-
text of reservoir simulation. Therefore, relatively simple models that can capture
the essential effects of adsorption in phase behavior are required. Incorporation of
wall effects into EoS based models has been presented by Travalloni et al. [29, 30]
showing promising results. Dong et al. [31] presented a framework for phase equilib-
rium calculations considering the adsorption film. An enhancement in the capillary
pressure is observed due to a reduction of the effective capillary radius, however,
no compositional changes due to selective adsorption were considered. In general,
describing simultaneously capillary and adoption effects is not trivial. Furthermore,
development of tools that capture such effects is fundamental to understand and

improve current technologies in shale production.

The scope of this research is the study of phase equilibrium inside shale reservoirs.
Throughout the research process several algorithms were developed. They served as
a tool to study the effect of capillary pressure and adsorption on phase behavior for
various fluids of interest. Several findings were obtained and are presented in this

thesis. A brief description of the main content for each chapter is given below.

Chapter 2: An efficient algorithm for phase envelope calculations involving capillary
pressure is presented. It served to study the effect on the phase envelope
of various fluids inside a capillary tube using different capillary radii.
Moreover, a mathematical analysis based on the linearization close to
the phase boundary is provided. Useful linear relationships that can
show the direction of the changes in the phase envelope were obtained.
Additionally, a flash algorithm that accounts for capillary effects on

phase behavior was developed. It uses a stability analysis procedure
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Chapter 3:

Chapter 4:

Chapter 5:

based on a modified tangent plane distance condition involving capillary

pressure.

A comparison of different models for high-pressure adsorption data in
shale found in recent literature and molecular simulations is presented.
Three different models were tested for the fitting of pure component
isotherms: the Langmuir, Toth-Langmuir, and MPTA using the Dubinin-
Radushkevich-Astakhov (DRA) potential. For multicomponent mix-
tures, three methods are compared: the Multicomponent Langmuir
(ML), Ideal Adsorbed Solution Theory and MPTA-DRA.

Capillary pressure and adsorption effects are studied simultaneously. In
order to study various fluids, MPTA is used as a tool to generate ad-
sorption data of various hydrocarbons of which experimental data is
currently not available. An analysis on the effect of the thickness of
the adsorption film on the phase envelope of a mixture is given. It is
based on the phase envelope construction considering capillary pressure
inside a tube with a variable capillary radius modified by the adsorp-
tion film thickness. Additionally, a new algorithm for flash calculations
inside shale reservoirs, involving both capillary pressure and selective
adsorption is proposed. The algorithm is used to analyze how the phase

equilibrium changes at different regions of the phase envelope.

The implementation of a flash algorithm accounting for the capillary
pressure effect on phase behavior into a compositional reservoir simula-
tor is described. It allowed us to test a natural depletion case of a tight
reservoir at various conditions with different capillary pressure models.
The case of study consists of a two-dimensional reservoir with ten planar
fractures using local grid refinement to capture the fracture-matrix flow
exchange. Capillary pressure models using fixed and variable pore sizes

were used to study the effect in the production.






CHAPTER 2

Phase Equilibrium Involving Capillary

Pressure

Phase equilibrium in confined spaces is present in many natural systems and indus-
trial applications. One important example is phase equilibrium in shale reservoirs,
which has recently received a lot of attention due to the shale gas boom. Oil and gas
production from shale reportedly show different trends from conventional reservoirs.
It is speculated by many that the shift of the phase equilibrium in the nanoscale
pores of shale is one of the major reasons for the abnormal field observations. How-
ever, there is no consensus on how phase equilibrium changes in the small pores. It
is worthwhile to investigate phase equilibrium in confined spaces more carefully in
order to better estimate the initial reserves in shale and better forecast its produc-

tion.

Three important effects in confined space are the high capillary pressure between the
oil and the gas phases, selective component adsorption, and molecular confinement
effects. The present chapter focuses on the effect of the capillary pressure inside
pore radii sizes above 5 nm and the other two effects are neglected here. The effect
of capillary pressure on the phase equilibrium has been investigated theoretically
and experimentally by numerous authors. Fisher and Israelachvili [9] confirmed the
validity of the Kelvin equation down to a few nanometers (~ 4nm or eight times
the molecular diameter) for pure cyclohexane by measuring liquid bridges between
crossed mica cylinders. However, they found it difficult to validate the Kelvin equa-

tion when the pressure of the cyclohexane was controlled by adding n-dodecane as
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a nonvolatile solute. This difference may be attributed to the accumulation of n-
dodecane in the interface and binary interactions with the cyclohexane in the liquid
phase. These problems were addressed by Shapiro and Stenby [13, 14, 21] in the
formulation of the multicomponent Kelvin equation and its corresponding thermo-
dynamic analysis of multicomponent mixtures under a capillary pressure difference.
In relation to Fisher and Israelachvili’s work, Christenson [11] demonstrated the
validity of the Laplace equation between water and oil to radii of two nanome-
ters suggesting the validity of continuously curved interfaces at nanometer scale for

liquid-liquid systems.

Calculations of saturation pressure and phase envelope for multicomponent mix-
tures under a capillary pressure difference have been presented by several authors.
Shapiro and Stenby[21] provided a first-order approximation of the exact solution
for the capillary condensation using the Kelvin equation for multicomponent mix-
tures. They also presented algorithms to solve the flash problem by means of direct
substitution utilizing the Rachford-Rice equation and modified equilibrium factors.
Nojabaei et al.[32] and Pang et al.[33] calculated the phase envelope in the presence
of capillary pressure by solving the fugacity equations coupled with the capillary
pressure equation. Both studies show that the phase envelope changes everywhere
except at the critical point and at the cricondentherm. They also showed that the
change in the saturation pressure is negligible unless the pore radius is in the order

of tens of nanometers.

From a computation viewpoint, both phase envelope and flash calculations involving
capillary pressure are of great importance for several processes inside tight porous
materials. In this chapter, an algorithm for the phase envelope and isothermal flash
involving capillary pressure is presented. The phase envelope section shows a study
of the effect of capillary pressure on the phase envelope at different compositions,
capillary radii, and vapor fractions. Furthermore, a mathematical analysis that leads
to the approximate equations for the shift in saturation conditions is provided. The
equations indicate exactly the same directions of the changes as those from the phase
envelope algorithm and explain theoretically why the change happens in various
directions. The flash section provides a framework for isothermal flash calculations
at a specified gas or liquid pressure. It also uses a stability analysis procedure
based on a modified tangent plane distance condition involving capillary pressure
[15]. Comparative plots of liquid and gas pressure specification flash procedures are

presented.
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2.1. The Phase Envelope in the Presence of Capillary

Pressure

The phase envelope calculation algorithm described by Michelsen [34] was employed
as the basis for the extension to the calculation with capillary pressure. Michelsen’s
algorithm traces and constructs the whole phase boundary instead of calculating
individual saturation points. The calculation is initialized at low pressures, using
Wilson approximation for the equilibrium factors as initial estimates. The con-
vergence can easily be reached with successive substitution followed by Newton’s
method. After the first point is converged, the subsequent points on the phase
envelope are traced sequentially using initial estimates based on polynomial extrap-
olation of the previous converged points. The algorithm works for any vapor fraction
between 0 and 1, with 0 and 1 corresponding to the special cases of bubble point

and dew point respectively.

Several modifications are needed to calculate the phase envelope with capillary pres-
sure. An obvious modification is to include the capillary pressure equation in the
system of equations consisting of equality of fugacity and mass balance. This results
in a computational problem since one of the phase pressures can become negative.
Hence, P instead of In P is used as the independent variable. The fugacity coeffi-
cients at negative pressure are also negative. As a result, it is recommended to use
the product of the pressure and its corresponding fugacity coefficient (F*) to avoid
indefinite values of the its logarithmic values. It is worthwhile mentioning that this
requires some modifications in the traditional fugacity coefficient based routines in

order to get the desired values and derivatives.

2.1.1. The System of Equations

The system consists of N, + 3 equations, where N, is the number of components in

the mixture. It has the following form:

WK, +InF(T,P,,y)-InF(T,P,x)=0; i=1,...,Nc

Nc

> (yi-2)=0 (2.1)
i1

P -P,+P(T,P,,P,x,y)=0
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where:
K=Y Fe = Poge

The set of N.+3 unknown variables are X = {In K1, ...,In K., InT, P}, P,}, where K;
is the equilibrium constant for component i; 1" is the temperature; P, is the pressure
in the liquid phase; P, is the pressure in the gas phase; and P, is the capillary

pressure.

The mole fractions x;,y; are expressed as a function of the equilibrium constant K;

and feed compositions z;:

Zi Kz

“1-3+8K VT 1-3+BK, (22)

Z;

To complete the set of equations an equation where the desired variable X, can be
specified (i.e. In K;,InT, P, F}) is introduced.

X,-S=0 (2.3)

where s is the index for the variable to be specified, and S is the desired value of

this variable. The system is now completed and has the form of:

K, +InF(T,P,,y)-InF(T,P,x), i=1,...,Nc

£(X) - | ;(?ﬁ - ;)

_F)l_Pg""Pc(Tan"Pl?X?y)
Xs-8S

-0 (2.4)

The capillary pressure model adopted for the calculations is the Young-Laplace
equation:

1 1
P.=P,-P=c—+— 2.5
g~ 1 ”(Rl+R) (25)

where R; and R, are the main curvature radii of the curved interface, and o is
the interfacial tension (IFT). Moreover, a capillary tube is chosen to represent the
geometry of a single pore, and the liquid is considered the wetting phase. Thus, the

equation (Eq. 2.5) can be simplified to

20 cosf

P,=P,- P = (2.6)

Te
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where 6 is the contact angle between the wetting phase and the wall of the tube,
and r. is the capillary radius. In all the cases complete wetting is also assumed (i.e.
0 =0). From a computational point of view, in (Eq. 2.6) the most important variable

is o since it is a function of all the variables in the system (i.e.7, P}, P;,x,y).

There exist several models to compute the IFT for mixtures, and the one considered

in this chapter is an extension of the McLeod and Sugden equation:

o'E =x(p' - p7) (2.7)

where F is the critical scaling exponent, x is the parachor for each component and
Pt and p9 are the densities of each phase. The modified equation for multicomponent

mixtures was presented by Weignaug and Katz[35]:

Nc
ot/F = Z Xi(l’z‘l)l ~yip?) (2.8)

i=1

Several models that differ in the choice of scaling exponents and parachor values
can be found in the literature [35-39]. In this chapter, a critical scaling exponent

of F =4 is unless it is specified otherwise. The parachor values were taken from
Schechter and Guo (Table 2 of Ref. [39]).

2.1.2. Solution Approach

The initialization of the phase envelope is made at low gas pressures without tak-
ing into account a capillary pressure difference (i.e. P, = P,) using the algorithm
proposed by Michelsen [34]. After the first point is converged, the pressure in the
liquid is updated using the capillary pressure of the system evaluated by (Eq. 2.6).
At this stage it is possible to switch to the complete system in (Eq. 2.4) and start
tracing the phase envelope in a sequential way. For each individual point Newton’s

method was used:
X1 = X, = JH(X) (2.9)

where J is the Jacobian matrix and has the following form:

on ... 24
dIn K1 P,
J= : . : (2.10)
Ofners ... OfNess

dIn K1 oP,
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where

ofi Bx;y; Oln F! zy; OInFY ,

=0;; —+(1- “ 1=1,...,.N., j=1,....,N,
8anj " Zj €5 +( 6) Zj ay] ! J
(2.11)
ofi OlnF? OlnF! ,
=T L - : =1,..., N, 2.12
oInT ( or ~or ) T (2:12)
=— ! =1,..., N, 2.13
apl apl ) ) ) ( )
——=—" i=1,..,N, 2.14
oP, 0P, o (2.14)
Ofn.e1  TjYj
o= = =1,..., N, 2.15

OnK; z ' T ( )
ach+1 — 7 ach+1 — 7 a.f]\/c+1 — (216)
OlnT Oln P, Oln P,
Ofn.+2 x;y; OF, xy; 0P,
===+ (1-0)—=— =1,..., NV, 2.17
Ofn2 0P
T 1 oT (2.18)
OfN.+2 P,
—==1 2.19

or, ' oR (2.19)
8fN +1 aPc
———=-1 2.20

op, " op, (220
O ness =0s, k=1,..,N,+3 (2.21)

0X
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And the necessary P, derivatives are:

OP. 2cosf _ pa s z; OV, y; 0V,

= Eo =& ; = 2.22
ar ~ 1., "E;X’l V28T+V28T] (2:22)
0P, 2cosf . B x; OV

_ |z on 2.2
o st b 2] -
0P, 2(30s9 S5 y; OV,

- . 92.24
oB, 1. ZX lw ap] (2:24)
0P, 2cosf . B —Xj V] Ne

_ BoSt|Xe s 2.25
on, T Tt 2t (2.25)
OP. 2cosf  pa[x; Vo=V &

9, = - FEo'E VZ, + V2 J ZL:XZyZ (2.26)

After obtaining the first point of the phase envelope, sensitivity analysis is recom-
mended to select the right variable (S) in (Eq. 2.4) for the subsequent steps. To
get the rate of change of the independent variables with respect to one specified, it

is necessary to differentiate (Eq. 2.4) with respect to S and solve the corresponding

system:
of 8X of
2.27
0X 85 85 (227)
From the expression above g—)f( is the Jacobian (J) and the vector @ is simply

(0,0, ...,0,-1)T assuming that we start with S as the N, +3 indexed variable, which

for this case is the pressure of the gas phase P.

After solving (Eq. 2.27) the vector 2% with the sensitivities is obtained. The variable
that changes the fastest must be chosen as the specified variable X, to solve the
system in the next step. In the present formulation, the pressures in both phases
(P,, P) are the only variables that are not in a logarithmic scale. Therefore, for

a proper comparison of the sensitivities, the derivatives must be converted to an
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approximated logarithmic sensitivity:

dlmP dmPIP 1 P

— = - 2.28
oS oP 9S |P|dS ( )
To avoid singularities at P =0 the scaling is changed to:
Oln P 1 oP
~ — 2.29
oS ( 1+ |P|) 05 ( )

This scaled sensitivity is more suitable to make a fair comparison within the rest of
variables that are logarithmically scaled. The vector of sensitivities is also helpful
in the stepping process of the phase envelope tracing. After obtaining more than
one point with its respective sensitivity (local derivatives), linear or higher order
polynomial can be used to extrapolate the next points which will be used as initial

guesses in the subsequent calculations.

2.1.3. Analysis of the Phase Envelope Shift

Any multicomponent mixture at equilibrium in the presence of a capillary pressure
difference will satisfy the system of equations in (Eq. 2.1). Thus, it also applies to
all the saturation points. The aim of the analysis presented in this section is to
check the direction (and to some extent also the magnitude) of the change in the
saturation pressure and temperature along the phase envelope prior to solving the
system in (Eq. 2.1). This analysis is somewhat inspired by Shapiro and Stenby’s[13]

work on the multicomponent Kelvin equation.

Saturation Pressure

Calculations of the decrease of the bubble point pressure in a multicomponent mix-
ture due to a capillary pressure difference has been presented by many authors [32,
33, 40]. A detailed mathematical analysis is given here. Let us consider any point
in the bubble point curve without any capillary pressure difference. At a fixed

temperature, the point will satisfy the following equality:

1nfil(Pb7Z):lnfig(Pb7Yb)7 (i=1,...,NC) (23())
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where P, is the normal bubble point pressure, z is the molar feed composition and yy,
is the molar composition in the incipient gas phase. If we place the same mixture
inside a pore with an infinitesimal capillary pressure difference (6P, = P, — P),
the bubble point pressure will change accordingly (e, = P, — P,), as well as the
molar composition in the gas phase (€, =y —yp). Thus the new equilibrium point

satisfying the capillary pressure difference (P,) is:

In f{(Fi,2z) =In f{(Py,y) (2.31)

where P, and P, can be again written as a function of the normal bubble point

pressure (FP,) and composition (yy,):

In fil(Pb +€,,2) =In fI(Py+ [, + O P.],yb + €) (2.32)

Approximating each term with a linear expansion we get:

8lnfz’l(PbaZ)

In f{(Py + €y, 2) » In f(Py,2) + 5P €
‘}z
~In fH(Py,z) + R—’Tep (2.33)
In f9(P,
I f9(Py+ [e,+ O], yb + €) ~ In f2(Py, y1) + 0 nfla(Pb’yb) (¢p+0P.)
N. g
£y Oln J; (P”’y'“)eyj (2.34)
G=1 dy;
; In (P,
lnfg ( +5P) Zanf( buyb) yj

0y;

Replacing (Eq. 2.33-2.34) in (Eq. 2.32) and using (Eq. 2.30) we obtain:

Vi VY dln f9( Pb,yb)
i 5P
R Rl ot Z By;

(2.35)

yj

Multiplying (Eq. 2.35) by the individual molar fraction (y,,) and summing over all

the components ¢ from 1 to N, we get:
B Ol f7 (P yv)

Epzyb\} V9(e, +6P) + RT > >y, 5
i1 j=1 Yj

€y, (2.36)
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At constant pressure (P) and temperature (7') we can substitute the last term of
the right hand side with:

Gs Ol ff (PbaYb) GRS ol (B, yb)
2; 2 U oy T ; D L (2.37)
This term vanishes due to the Gibbs-Duhem equation:
%yi dp; =0 (2.38)
Hence our approximation takes the form of:
€ % b Vi~ V(e + 6P (2.39)
i=1
Replacing the left hand side by the so-called mixed volume [13] :
% V=Vl (2.40)
i=1
Consequently, we arrive at our final expression:
~ 5P, [vz ngg] (2.41)

Considering our definition of capillary pressure (P, = P, — F;) and assuming that
our system is a liquid wet capillary tube, the capillary pressure is positive (0 P. > 0).
Hence the direction of the change in the bubble point is indicated by the sign of the
ﬁ] A positive value of this term suggests an increase in
the bubble point pressure while a negative value suggests a decrease of it.

dimensionless term [

The dew point analysis can be treated similarly to the bubble point analysis. At a

dew point without capillary pressure, the condition of equilibrium is as follows:

In fH(Pg,xq) =In f7(Py,z) (2.42)
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Again an infinitesimal capillary pressure difference is considered (JP = P, - P,), and

the equilibrium condition becomes:

In fI(P;+ [ep —0F.],xa+€;) =In f/(Py+e¢,,2) (2.43)

Each term is linearly expanded, and following the same procedure as in the bubble

point region one arrives at:

I !
e~ 0P, v =P, V. (2.44)
P VZ—ZZ “ 24, Vg Vi—Va

An equivalent form of this equation was presented by Shapiro and Stenby [14]!.
Similar to the bubble point criterion, the direction of the change in the dew point
Vlvvgl] The above analysis can be generalized
to any type of saturation point. The analysis would be done using feed phase and

is indicated by the sign of the term [

incipient phase instead. The general criterion would be:

Vincp

~ Pincp _ Pfeed _
( ) Zl 1wl( zncp ‘/;feed)

(2.45)

where (<P) refers to the incipient phase, and w; is the molar composition of com-

ponent ¢ in the incipient phase.

Saturation Temperature

A similar analysis can be performed for the saturation temperature change. This
analysis is particularly useful to explain the shift of the cricondentherm. Instead of
fixing the temperature, the pressure in the feed phase is held constant. This means
that the pressure of the gas phase remains the same as the dew point pressure
(Py = P,), the pressure in the liquid phase is calculated by the capillary pressure
difference (P, = P,—0P.), and the dew point temperature changes due to the capillary
pressure disturbance in the system (7 = Ty + ¢;). The new saturation point of the

mixture will satisfy the following equation.

lnfz-l(Pd —0P., T +¢€,xa+¢€;) =In f/(Py, T +¢€,2) (2.46)

!Refer to Eq. 11 in the cited article. P, = P, (VV"; - 1) Py(x —1) with x = P,/ Py
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Following the same procedure as for the saturation pressure, by expanding linearly
each term and summing over the liquid individual compositions z4,, one arrives at:
VISP, VISP,

= = — 247
& N (alnf;(pd,T,xd)_alnff(Pd,T,z)) Ne (2.47)

Ql Q9
RT;xdi o7 T Z; Ld; (Si Si )

where S; is the partial molar entropy. Using an analogous term for the partial molar

entropies as in the mixed volume. We arrive at to the final expression of:

Vl
€t = [m] 5Pc (248)

Once more, the sign of the term [S%_lsl] determines the direction of the temperature
shift. A similar analysis can be done in the bubble point. Moreover, this analysis can
also be generalized for any saturation temperature as it was done for the saturation

pressure in (Eq. 2.45). The general criterion would be:

Vincp
Zi\zfcl w; (S«iincp _ S«ifeed)

€~ (PP — pleed) (2.49)

where w; is the molar composition of component 7 in the incipient phase.

Relationship with the Multicomponent Clapeyron Equation

It is worth noting that the multicomponent Clapeyron equation [41, 42] can be used
to interpret the phase envelope shift due to capillary pressure at cricondentherm and
cricondenbar. The multicomponent Clapeyron equation is less known in comparison
to the pure component Clapeyron equation. However, it also depicts how the satura-
tion pressure changes with the temperature, but in this case, for a multicomponent
system along the phase boundary. Michelsen [41] presented the multicomponent

Clapeyron equation in the following form:

Nc . .
3w, (8ln<pl(w) ~ alngol(z))
= or or _AS (2.50)
dT Ncw’(ﬁlngpi(w) _(9lng0@-(z)) AV '
“ oP oP
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where the superscript ("*“P) refers to the incipient phase, and w is its molar compo-
sition. The form of the above equation is similar to the pure component Clayperon
equation but the entropy change and the volume change have a slightly different
meaning here. The two terms are given by:
Ne Nc
AS =5 w; (S-Sl AV =Y w; (VP - V) (2.51)
i=1 1=1
AV and AS are the changes in the system volume and the system entropy, respec-
tively, when an infinitesimal amount of feed phase is moved to the new incipient
phase. From (Eq. 2.45) and (Eq. 2.49) it is possible to notice that the direction
of the change in the saturation pressure is related to AV and the direction of the
change in the saturation temperature is related to AS. At the cricondentherm, from

the multicomponent Clapeyron equation, we obtain:

dT Ne ‘ 7inC, 7 feed
dP i=1

which suggests a change of sign in the volume difference of the system. Therefore,
it implies a change of sign in (Eq. 2.44) which leads to a change in the direction
of the saturation pressure shift around the cricondentherm. The same analysis can
be done for change in the saturation temperature around the cricondenbar. At the
cricondenbar, from the multicomponent Clapeyron equation we obtain:

Nc . _
N S w; (8" - 5{“%) =0 (2.53)

which suggests a change of sign in the entropy difference of the system. Therefore,
it implies a change of sign in (Eq. 2.48) which also leads to a change in the direction
of the saturation temperature shift around the cricondenbar. These changes can be

confirmed numerically.

2.1.4. Results and Discussion

The Soave-Redlich-Kwong Equation of State (SRK EoS) has been used in all the
calculations but the calculation can be coupled with any EoS [43]. The proposed
algorithm was able to handle all the tested systems at all the specified conditions.
The systems tested are: a binary C;-C, system at different concentrations; a 7-

component natural gas system; and a set of reservoir fluids with different Gas Oil



20 2. Phase Equilibrium Involving Capillary Pressure

Ratios (GOR). The algorithm, as well as being robust, is fast and quadratically con-
vergent. Figure 2.1 shows an example of the convergence of a point using Newton’s
method. Typically, between 2 and 3 iterations are expected per point, and between

20 and 30 points to trace the entire phase envelope.

o | T T T —
-5 i
= —10| .
S
—
g
oo —10| 3
2
—20 | i
—925 | i
| | | | |

nt" iteration

FIiGurE 2.1.: Convergence behavior for the first point in the construction of
the phase envelope of System I, described in table 2.1

Before a more detailed analysis, it is helpful to highlight some general features of the
change of the phase envelopes encountered in every system. The specific example
of System (I) described in Table 2.1 is used to illustrate these differences . Figure
2.2 shows the phase envelope, and Table 2.2 shows the numerical values of each

highlighted point in the corresponding figure.

TABLE 2.1.: System I. Natural gas mixture, description of basic model param-
eters including non zero binary interaction parameters (k;;)

Component mol % parachor (x) P, (bar) T, (K) w knog  kcHyj
N»o 1.40 61.12  126.20 34.00 0.0377 0 0.0278
CHy 94.30 74.06  190.56 45.99 0.0115 0.0278 0

CqoHg 2.70 112.91  305.32 48.72  0.0995 0.4070 -0.0078
CsHg 0.74 154.03  369.83 42.48 0.1523 0.0763  0.0090
nCy 0.49 193.90 425.12 37.96 0.2002 0.0700 0.0056
nCs 0.27 236.00  469.70 33.70 0.2515 0.0787 0.0190
nCg 0.10 276.71  507.60 30.25 0.3013 0.1496 0.0374

In the bubble point branch of the phase envelope, the saturation pressure is sup-
pressed until the critical point is reached. The suppression increases with the dis-

tance from the critical point. For this part of the phase envelope, the reference
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FIGURE 2.2.: Phase Envelope in the presence of capillary pressure of System
(I) using a capillary radius of 10 nm. Highlighted circles show the
main differences and similarities with respect the normal phase
envelope.

TABLE 2.2.: Values corresponding to highlighted points in Figure 2.2.
Observation T (K) P (bar) P, (bar) P, (bar) APy AP, o (%)

BP @ 150.00 11.09 -1.26 10.48 -12.35 11.74 5.87
Cp?® 203.24 58.94 58.94 58.94  0.00 0.00 0.00
DP € upper 250.00 73.52 69.92 76.59  3.07  6.67 3.34
CT % normal 260.71 38.94 - - - - -
CT ¢ with AP, 263.37 - 21.61 38.94 - 17.33 8.67
DP ¢ lower 250.00 10.94  -18.64 8.66 -2.28 27.3 13.65

@ Bubble Point; ? Critical Point; ¢ Dew Point; ¢ Cricondentherm.

pressure is the liquid pressure (P,) since the liquid phase is the feed phase; Graph-
ically, the difference in the saturation pressure is the distance between the black
line and the blue dashed line in Figure 2.2. The decreasing behavior can be com-
pared with (Eq. 2.41). If we compute [Vl:/—jva] for the saturation points belonging
to the bubble point curve we can notice that all the values are negative (see Table
2.3), which confirms numerically the correctness of the analysis done in the previous

section for the bubble point.

The critical point does not show any change because the properties of both phases
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TABLE 2.3.: Direction of change of the saturation pressure in the bubble point
region due to a capillary pressure difference in the system.

T (K) P (bar) [o—]

Vie-V9
120.74 241 -1.01
139.03 6.69 -1.02
166.43 21.09 -1.06
186.52 39.50 -1.26
193.05 46.82 -1.53

202.63 58.20 -16.32

are indistinguishable and no apparent interface is formed, corresponding to a zero

capillary pressure value.

The dew point branch of the phase envelope shows different behaviors depending on
which part of it we refer to. For the dew point branch, the reference pressure is the
gas phase pressure (F,). Graphically, this means that the difference in the saturation
pressure is the distance between the black line and the red dashed line in Figure
2.2. Firstly, from the critical point to the cricondentherm (upper dew point) the
saturation pressure increases; around the cricondentherm, the phase envelope shows
a shift to a higher temperatures; and finally, from the cricondentherm onwards (lower
dew point) the saturation pressure decreases. The difference in the dew point seems
to decrease gradually while lowering the gas pressure and the difference becomes

apparently zero at very low pressures.

Again, this behavior can be compared using (Eq. 2.44). Table 2.4 shows the direction
of the pressure change along the dew point region. The sign of these values also
confirms an increase of the dew point pressure in the upper branch and a decrease
in the lower branch given by (Eq. 2.44). Moreover, at very low pressures this value
is close to zero due to big changes in the volume of the incipient phase in comparison
with the volume in the feed. It is worthwhile to notice that in Table 2.4 a change from
negative infinity to positive infinity occurs at the cricondentherm. For this reason,
to have a clear picture of the behavior around the cricondentherm, the saturation
temperature must be analyzed instead of the saturation pressure. The direction of
the change in the saturation temperature can be obtained from (Eq. 2.48) Table 2.5
shows the direction in the change of the saturation temperature along the dew point
curve. The sign of these values confirms numerically the validity of analysis done in

the previous section for the temperature shift around the cricondentherm.
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The changes of sign in the cricondentherm and cricondenbar for the shift in satura-
tion pressure and saturation temperature shown in Table 2.4 and Table 2.5 respec-
tively, are a direct consequence of the multicomponent Clapeyron equation. From
(Eq. 2.52) and (Eq. 2.53) we can notice that a change of sign is guaranteed. As
a result, €, and ¢ in (Eq .2.44) and (Eq .2.48) respectively, change from positive

infinity to negative infinity or vice versa.

TABLE 2.4.: Direction of change of the saturation pressure in the dew point
region due to a capillary pressure difference in the system.

T (K) P (bar) |orbm

Vi_va
226.51 1.74 -0.01
239.08 4.66 -0.02

247.36 8.76 -0.04
260.55 33.17 -0.26

257.16 60.46 1.98
236.71 82.39 0.39
229.37 82.03 0.35
214.80 72.92 0.32

203.71 99.50 11.95

TABLE 2.5.: Direction of change of the saturation temperature in the dew point
region due to a capillary pressure difference in the system.

P (bar) T (K) e
1.74 226.51 0.088
8.76  247.36  0.107

18.33  256.26  0.124

33.17 26055  0.148

58.10 25856  0.213

60.46 257.16 0.226

82.39 23671  2.002

82.03 22937  -1.308

7852  221.71  -0.494

72.92 214.80 -0.347

67.61  209.75  -0.358

60.40 204.45 -9.403

The above general features remain the same as long as the liquid phase is assumed
to be the wetting phase. Moreover, these features are consistent with the results of
previous authors with an important difference in the shift of the cricondentherm [32,

33]. This difference was probably caused by a numerical artifact in these previous
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studies due to the absence or poor initial estimates. This may have caused difficul-
ties finding solutions in regions that are not present in the normal phase envelope
problem. It also shows the necessity of having a robust and efficient algorithm to

automatically trace the whole phase envelope in the presence of capillary pressure.

The following subsections present a more detailed discussion regarding the influence
of the feed composition composition and capillary radius; the quality lines in the
phase envelope; and sensitivity analysis in the scaling factor and parachor values for

the interfacial tension model.

Effect of the Feed Composition

In this subsection, several systems with different feed composition and its changes on
the phase envelope are evaluated. Figure 2.3 shows the phase envelope of a binary
mixture described in Table 2.6. It can be noticed that the bubble point region is
affected greatly when increasing the feed of the heavy component. The dew point
region is also affected when increasing the light component in the feed. However, in

contrast with the bubble point region, the dew point region is less affected.

TABLE 2.6.: Binary system. Description of basic model parameters (k;; = 0)
Component parachor (y) P. (bar) T, (K) w
CHy 74.05 190.56 4599 0.0115
nCy 193.9 42512 37.96  0.2002

A set of reservoir fluids with different Gas Oil Ratio (GOR) described in Table 2.7
were also tested. These fluids were taken from Whitson and Sunjerga [44]. They
represent an example of a real set of confined hydrocarbon mixtures. Figure 2.4
and Figure 2.5 show the phase envelope of these systems and show the same trend
as in the binary mixtures. While the heavier mixtures (low GOR) present a bigger
change in the bubble point region, the lighter mixtures (high GOR) present it in the
dew point region. Also, the change in the bubble point region is more pronounced

in comparison to the one in the dew point region.

These behaviors are intimately related to the density difference between the feed
phase and the new incipient phase formed. A bigger difference in the density creates
a higher interfacial tension which contributes to a higher capillary pressure difference
as it can be seen in (Eq. 2.8) and (Eq. 2.6). For the heavier systems, the gas phase
formed in bubble point transition is very light in comparison to the liquid phase,

consequently the capillary pressure is high. For the dew point transition, the gas
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FIGURE 2.3.: Phase envelope of C1-C4 mixtures at different feed compositions.
The solid lines ( — ) represent the normal phase envelopes;
Dashed lines (- - -) represent the modified phase envelopes due
to a capillary pressure difference using r, = 10nm.

phase contains heavy components and when the liquid phase is formed, the difference
in the densities is not that high. The opposite analysis can be done for the lighter

systems.

To have an idea of the magnitude of change in the saturation pressure, Figure 2.6 and
Figure 2.7 show the changes in the saturation pressure of the different GOR/OGR
reservoir fluids at the constant temperature of 400 K, and Table 2.9 shows values
of the capillary pressure and interfacial tension of the 500 GOR mixture along the
bubble point branch. It can be noticed that at this temperature the bubble point
systems are affected the most. The heavier the system, the higher the change in the
saturation pressure. However, this only shows one fixed temperature. In order to
have a better picture of what can be expected in reservoirs at different temperatures
containing different reservoir fluids, it is necessary to compare changes in a range
of temperatures rather than in a fixed temperature. Table 2.8 shows the maximum
change in the saturation pressure for the different GOR systems in the temperature
range of 300 K to 500 K. It can be noticed that the heavy fluids have big negative
changes in the bubble point pressure and the lightest have positive changes in the
dew point pressure. The fluids that lay in the middle have small changes since at

those temperatures the fluids are placed into the critical region.
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TABLE 2.7.: Reservoir fluid systems general description. Taken from Whitson
and Sunjerga [44]

GOR (scf/STB) OGR (STB/MMscf) STO API C: MW (mol/g) C? (mol%)

33333 30 51.4 123 3.47
20000 50 49.8 132 4.51
10000 75 47.5 145 7.08
6667 150 46.2 153 9.48
4000 250 44.5 164 13.78
2857 350 43.4 171 17.59
2000 500 42.3 178 22.59
1000 1000 40.0 195 34.88
500 2000 37.7 216 49.49

TABLE 2.8.: Maximum saturation pressure change for GOR systems in the tem-
perature range of 300 K to 500 K. From Figure 2.5 and 2.4

GOR (scf/STB) Bubble point (bar) Dew point (bar)

33333 - 7.38
20000 - 3.53
13333 -0.04 2.76
10000 -0.06 1.37
6667 -0.34 0.52
4000 -1.06 0.01
2857 -2.24 -
2000 -3.79 -
1000 -7.85 -
500 -11.86 -

TABLE 2.9.: Capillary pressure and interfacial tension values for the bubble
point branch of the 500 GOR reservoir fluid.

T (K) P (bar) P, (bar) P, (bar) AP, (bar) o (mN/m)

200 24.66 22.96 2.85 20.10 10.05
250 61.96 58.98 46.45 12.52 6.26
300 102.53 99.07 90.68 8.39 4.20
350  135.11 131.50 125.18 6.32 3.16
400  157.33 153.72 148.78 4.94 2.47
450  170.01 166.53 162.76 3.76 1.88
500  174.54 171.33 168.65 2.68 1.34
550  174.54 169.39 167.70 1.69 0.85
600  172.15 161.59 160.71 0.88 0.44
650  163.71 148.19 147.88 0.31 0.16
700  128.93 128.40 128.35 0.04 0.02

752.9 98.02 96.31 96.31 0.00 0.00
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FIGURE 2.4.: Phase envelope of reservoir fluid mixtures described in Table 2.7
with GOR ranging from 500 to 4000 scf/STB. The solid lines (
— ) represent the normal phase envelopes; Dashed lines (- - -)
represent the modified phase envelopes due to a capillary pressure
difference using r. = 10nm.
T T T T
——— GOR 33333
o GOR 20000
GOR 13333
300 B ——— GOR 10000 I
——— GOR 6667
— 200 |
& \
£ \
\\
-
100 |
L
/
v
0 |
| | | |
200 300 400 500 600
T (K)
FIGURE 2.5.: Phase envelope of reservoir fluid mixtures described in Table 2.7

with GOR ranging from 6667 to 33333 scf/STB. The solid lines
( — ) represent the normal phase envelopes; Dashed lines (- - -)
represent the modified phase envelopes due to a capillary pressure
difference using r, = 10nm.
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FIGURE 2.6.: Saturation pressure variation respect GOR at (400 K) for mix-
tures shown in Table 2.7
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FIGURE 2.7.: Saturation pressure variation respect OGR at (400 K) for mix-
tures shown in Table 2.7
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Capillary Radius

The effect of the capillary radius on the phase envelope is quite intuitive. At smaller
capillary radii the change in the saturation pressure will be increased due to a bigger
capillary pressure difference. Figure 2.8 shows the changes of the saturation pressure
at different capillary radii for a binary system. Additionally, it is possible to show
that the change of the saturation pressure is approximately linear to the inverse
of the capillary radii, making use of the relationships derived in the mathematical
analysis section. If we replace (AP,) with (20/r.) in (Eq. 2.41) and (Eq. 2.44) we
obtain that the shift in the saturation pressure can be approximated as a function

of the capillary radius.

20 Ve 20 Vi
bubble ., 2% . dew , 27 [ "
A [vzg —Vg] T, [vtw] (254

If we plot the real change in the saturation pressure at a constant temperature
against the inverse of the capillary radius and compare with the expressions in
(Eq. 2.54) we get very close plots as shown in Figure 2.9 and Figure 2.10. Taking
into account that this is only a linear approximation, we can say that the effect of
the inverse of the capillary radius on the change of the saturation change is almost
linear. Therefore, we can approximate the change of phase envelope at different
capillary radii using the linear expansions obtained in the previous sections. In
other words, by having the normal saturation point and the capillary radius, we can
approximate of the shift in the saturation pressure with a simple linear relationship.
This means that the mathematical analysis based on linear expansions is not only
useful in showing the direction of the shift in the phase envelope, but also to estimate
the magnitude. In many cases, this approximation is sufficiently accurate, specially
for the bubble point branch.

Quality Lines

An important feature of the algorithm presented here is the ability of constructing
the quality lines of any vapor fraction (0 < 8 < 1) in addition to the bubble point
curve (8 = 0) and the dew point curve (8 = 1). These calculations are remarkably
absent in the literature in spite of its usefulness for understanding the behavior of

multicomponent mixtures in the two phase region.
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FIGURE 2.8.: Bubble point change at different capillary radius (r.) for a 70-30
mol% C1-C4 mixture.
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FIGURE 2.9.: Bubble point change at different temperatures as a function of
(%) for a 70-30 mol% C;-C4 mixture. Dashed lines (- - -) show
the approximation given by (Eq. 2.54).
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FI1GURE 2.10.: Dew point change at different temperatures as a function of ( )
for a 70-30 mol% C1-C4 mixture. Dashed lines (- - -) show the
approximation given by (Eq. 2.54).

Figure 2.11 shows an example of a phase envelope with its quality lines. This figure
gives an insight to the phase split of a mixture in the presence of capillary pressure
in comparison to a normal bulk phase split. Moreover, if we select a decreasing
pressure path at constant temperature it gives us an idea of the constant mass

expansion experiment using a capillary tube.

Sensitivity on Scaling Exponent (E) and Parachors ()

A common concern on the calculation results, is the accuracy of the interfacial ten-
sion and consequently the capillary pressure. Schechter and Guo [39] presented
a comparison of different methods to estimate the interfacial tension of hydrocar-
bon mixtures using different values for the parachors and scaling exponent. They
concluded that if these values are properly selected it is possible to estimate the
interfacial tension within a 10% of accuracy. Another common concern is the ac-
curacy of the interfacial tension at high pressures using (Eq. 2.8). It is well known
that a more theoretical approach as gradient theory can be employed to have better
estimates at such conditions. However, the simplicity and usefulness of the para-

chor model makes it a very popular choice for engineering purposes. The purpose
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FIGURE 2.11.: Quality lines at different vapor fractions () for a 70-30 mol%

C;-Cy system. ( — ) Normal quality lines; (---) Pj; and (- - -)
P, due to capillary pressure difference. r.=10nm
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FIGURE 2.12.: Pressure profiles as a function of the vapor fraction. T' = 250 K
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of this section is to identify the sensitivity of the phase envelope with respect to the

parachor model parameters.

A common value for the scaling exponent in (Eq. 2.8) is (E = 4) but it can vary
around that value depending on the author. A reasonable range of the scaling factor
was selected and different phase envelopes were plotted for System (I). Figure 2.13
shows the sensitivity at the scaling exponent. It can be noticed that the scaling
exponent it is only sensitive to very low temperatures and pressures in the bubble
point region. On the other hand, at high pressures and temperatures it is not very

sensitive, especially close to the critical point.

The parachor value is an intrinsic property, and theoretically it does not vary with
respect to the temperature or pressure. Therefore, the sets of parachor values found
in literature, either theoretically calculated or experimentally measured, should not
vary much. A range of £+10% in the parachor values is reasonable for a sensitivity
analysis. Figure 2.14 and Figure 2.15 show the changes in the phase envelope by
modifying the parachor values of the lightest and heaviest component. For the case
of the lightest component, which for this case is also the most abundant in the
mixture, it is possible to observe a bigger effect in the bubble curve. For the case of
the heaviest component, the effect is more pronounced in the the dew point curve.
However, it is not as important as the impact of the lightest component for this

mixture, but it would be increased if a heavier mixture is tested.

We can conclude that the sensitivity of the phase envelope with respect to the
parachor values, especially that of the lightest component, seems more important
than the selection of the scaling exponent. Moreover, the bubble point region is
more affected than the dew point region. However, the change is not substantial at

the tested conditions, and the qualitative behavior is unchanged.

2.2. Two-phase Flash Involving Capillary Pressure

Same as for the phase envelope calculations, the isothermal flash problem involving
capillary pressure is of great importance in oil and gas production from tight reser-
voirs. The inclusion of capillary pressure poses additional challenges and should be
addressed in order to have a robust flash that can be used in the reservoir simulation
context. The isothermal flash problem including capillarity consists in determining
the global minimum of the Gibbs energy for a mixture of overall feed composition

z, at a specified phase pressure (P or FP,) and temperature (7'), holding a capillary
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pressure constraint. At the minimum, the stationary condition of equal fugacities

in both phases must hold.

In f{(P,x) =0 f{(P,y), i=1,..,N, (2.55)

Additionally, the selected capillary pressure model and the mass balance must be
satisfied
Pc(PgaPleay):Pg_Pl (256)

ZiZUZ‘-Fli i=1,...,Nc (257)

where v; and [; are the vapor and liquid molar flows respectively. Similar to phase
envelope calculations, when introducing a capillary pressure difference it is possible
to encounter negative pressures in the liquid phase. Therefore, it is recommended to
use the product of the pressure and fugacity coefficient (F; = Py;) in the intermediate

calculations instead of the fugacity coefficient alone.

In order to solve the two-phase flash problem, a procedure similar to that given

in Michelsen and Mollerup [41] is followed. The details are presented in the next
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sections.

2.2.1. Successive Substitution

An iterative procedure of solving the Rachford-Rice equation while updating the
equilibrium factors accounting for capillary pressure in an outer loop is employed
in the early steps before switching to a Gibbs energy minimization procedure. The
Rachford-Rice equation finds the vapor fraction () that meets the mass balance

constraints of the system at a specified equilibrium factor

o(9)= A=, ; =0 (2.58)
The equation can be solved by Newton’s equation quite safely since (Eq. 2.58) is
monotonically decreasing. If ¢(0) >0 and g(1) <0, a solution in the interval (0,1)
is guaranteed. If the solution of 3 is found outside the (0,1) interval, the solution
will correspond to a sub-cooled liquid (5 < 0) or superheated vapor (5 > 1), which
corresponds to a single phase solution. To initialize the successive substitution
procedure Wilson’s approximation is recommended. After solving the Rachford-
Rice equation the new compositions, capillary pressure and equilibrium factors are

updated by direct substitution. For the phase compositions we get:

% Kz
= — = — 2.59
YTTCEepK, VT 1S5+ BK, (2:59)
and for the capillary pressure and equilibrium factors:
Pipi (P, x)
PC(P7]Dl>X7Y) =P, _Pla Kz . (260)
! ! ngpz (P )
Notice that the update in the equilibrium factors differs slightly from the conven-
tional I p
K, = #8X) (2.61)

This is due to the difference of pressures from capillary effect. Furthermore, the
update in the phase pressures is made according to the specified phase pressure. For
instance, if P, is specified the update (P, = P, — P.) is used, and if P, is specified
the update (P, = P, + P.) is used. It is often the case that the capillary pressure P,
depends on the final pressures F; and F,. Therefore, an implicit function is obtained

when updating the new phase pressures. Nevertheless, the exact capillary pressure
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must hold only at the final solution and a direct substitution procedure is therefore

convenient for early iterations.

2.2.2. Gibbs Energy Minimization

The successive substitution procedure can be intolerably slow close to the critical
point where the eigenvalues of the Jacobian matrix are close to unity. In this sit-
uation, second order methods are performed for faster convergence of the solution.
The flash problem without capillary pressure can be posed as an unconstrained min-
imization using the vapor molar amounts as independent variables and eliminating

the liquid molar amounts by means of the overall mass balance
min G(v,1(v)), with l=z-v (2.62)

where G is the Gibbs energy of the system. The stationary point of the solution

corresponds to the phase equilibrium condition

G(G
RT

0, —) =gi=Inf/-Infl=0 (2.63)
where g is the gradient vector. Finally the Hessian matrix of (Eq. 2.63) can be

written as follows:

dg; 1 2P
H;; = -2 = LS =1+ (1-B)®Y + pdL, 2.64
Y Qo 6(1—5)(myi o1 (L=0)%+ 5 ”) (2:64)
where
(I)ij =ngp (an%) , nr= an (265)

)

For details in the derivation the reader is referred to Michelsen and Mollerup [41].

The update in the vapor flows can be obtained by solving the following system
HAv+g=0 (2.66)

The system is commonly solved by using Hebden’s algorithm [45], which is very
convenient in cases near to the critical point where the determinant of the Hessian
is close to zero. Hebden’s method secure the step sizes where the Newton method
overshoots to undesired points. It is important to use the second order method with

good quality initial estimates in order to have local convergence. Therefore, it is
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recommended to perform several cycles of successive substitution before changing

to second order methods.

When a capillary pressure difference is considered between the two phases, an ad-
ditional degree of freedom is introduced and the unknown vector of independent
variables is increased by one (v, P, or P,) depending on the specified phase pres-
sure. In order to satisfy the capillary pressure constraint it is necessary to modify

the gradient by introducing an additional term
gNc+1 :Pc_Pg+-F)l (267)

and the modified matrix will correspond to the Jacobian of the entire system.

H (%%F))
J-= ] (2.68)
((%%)T oy~ 1

This new matrix is less attractive to solve in comparison with the one in (Eq. 2.66)
and safe methods such as Hebden’s method cannot be used. Instead it is recom-
mended to solve (Eq. 2.66) while updating the capillary pressure in an outer loop.
Moreover, to ensure steps in the right direction the capillary pressure update must
be exact, i.e. the implicit function (P. - Pg+ P, = 0) must be solved at each step.
A Newton iterative method is suggested to converge the capillary pressure at each

step of the vapor flows:

k+1 _ pk GgNe+1
Pg+ = Pg TR ] (269)

0Py

This ensures the stationary condition of the capillary pressure at each step. The

procedure is also applicable for P updates if it is the case of the P, flash specification.

2.2.3. Flash Strategy

Similar to standard flash calculations, it is assumed prior to any calculation that the
two phases will be present at equilibrium. Wilson equilibrium factors are used as
a starting point and successive substitution is performed until obtaining a desired
tolerance or a set number of iterations is reached. The disappearance of a phase
during early steps is taken as a single phase solution, but it is confirmed by means of
stability analysis involving capillary pressure to ensure safety. Second order methods

are used to speed up the convergence in situations where successive substitution is
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slow and the specified tolerance cannot be reached in a small number of iterations.

In summary, the procedure can be described with the following steps:
i Initialize with Wilson’s equilibrium factors.
ii Perform 5-10 cycles of successive substitution.

iii Continue with second order methods, while updating the capillary pressure in

an outer loop.

iv If one of the bulk phases disappear at any point during steps ii) or iii) perform
stability analysis of the current system. If stable, terminate; otherwise return

to step ii) with the new approximation given by the stability analysis test.

2.2.4. Stability Analysis

The flash problem is often complemented with stability analysis. The idea behind
evaluating the stability of the feed phase is to check if we are at the global minimum
of the Gibbs energy. For instance, if we are at the minimum, the formation of
an infinitesimal amount of a new phase with a composition (w) must result in an

increase of the Gibbs energy.
dG = de Z RTw; (In f;(w, P,) —In f;(z,P)) >0 (2.70)
Moreover, the condition must hold for any value of de.
Zwi (In fi(w, P,) —1n fi(z, P)) 20 (2.71)

This is the Gibbs tangent plane condition. Notice that when including capillarity,
each composition (w) introduces a constraint in the pressure of the new phase (i.e.
P, = P £ P.) which sometimes does not have a solution depending on the capillary
pressure model considered. In many situations, it is an indication of a single phase
solution. This happens when the mixture exceeds the capillary pressure boundary

where two-phase equilibrium is no longer possible [14].

A detailed procedure to implement stability analysis including capillarity, based on
finding the stationary points of the modified tangent plane distance, is given by
Sherafati et al. [15] and it is the procedure used to confirm solutions of the flash
algorithm described in this chapter. As in Michelsen [16], the procedure uses a

variable transformation from molar fractions to molar amounts to solve the problem
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as an unconstrained minimization. The transformation of variables is as follows
InW; =lnw; -k (2.72)

where k is the reduced TPD at the stationary point of (Eq. ??7), and the reduced
TPD is

tm(W) =1+ Y W,(InW; + I F —d; - 1) (2.73)

with
di=Inz;+InF?, and P"-P?*=xzP, (2.74)

where F; = p; P to avoid undefined In ¢; at negative pressures. The (+) sign in the
capillary pressure constraint depends on the feed phase we are testing. For instance,
if we assume our feed as the wetting phase, the sign is negative. If our feed phase is
stable, the stationary points of (Eq. 2.73) must be greater than zero, and negative
otherwise. If negative, the composition of the stationary point can be used as an

initial estimate for phase splitting calculations.

The recommended solution procedure by Sherafati et al. [15] to find the stationary
points of (Eq. 2.73) is based on an accelerated direct substitution procedure, and

second order methods when needed.

InW; +In E*(w, P*) = d; = 0 (2.75)

where P% is initialized as the feed phase, and it is updated using (Eq. 2.74). Accel-
erated substitution based on the dominant eigenvalue method is suggested to obtain
a more rapid convergence. Close to the critical point it is convenient to switch to
second order methods on the molar amounts while updating in an outer loop the
capillary pressure. The optimal scaling for the Hessian of 2.73 comes with the choice
of {v= [2\/W1, 2/Wa, ..., 2 WNC]} as independent variables

%tm Iy 1g¢;
Hi':—:(si' \/WZ’W'—J ——Z(Si- 276
J 8%81}]» J " J&Wj i 2Ui J ( )

where g; is the gradient

gi = %T =W (InW; + In F — di) (2.77)
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the quadratic step on v, using restricted step algorithms is given by:
(H+pI)Av+g=0 (2.78)

where (3 is the diagonal correction factor. It was found that updating Pv is as
efficient as using an update based on the full Jacobian of (Eq. 2.73) with {v, P*} as
the independent variables. In addition to the presented procedure, we found useful
to make exact updates in the capillary pressure when the pressure model depends

on the composition and the final pressure:

P - P* = +P,(P*, P", 2, w) (2.79)

This is useful since each introduced composition w will satisfy the capillary pressure
constraint. In some cases, (Eq. 2.79) do not have a solution at the specified w,
therefore smaller steps on w must be taken. If the step-size cannot longer be reduced,

it is taken as an indication of stability.

2.2.5. B and P, Flash Specifications

The described algorithm in the previous sections can be applied to two different
scenarios: P} and P, specifications. Both tools are of great importance depending on
the nature of process or system. For instance the P, flash specification is convenient
in simulations of tight reservoirs that are initialized in the liquid region, where the
pressure of oil phase is known. On the other hand, processes such as compression of
a gas mixtures in which capillary condensation can occur, the P, flash specification
is more convenient. The main difference on its design will be on how the capillary
pressure is updated. For the P, flash specification, the pressure in the gas phase is
the one updated; and for the P, flash specification, the pressure in the liquid phase
is the one updated.

Both procedures have its own particular difficulties. For instance, the P, flash proce-
dure (where P, is updated) can be more unstable since the capillary pressure model
is often a function of the densities (IF'T) or phase saturation (J-function), which are
highly sensitive to the gas pressure update. This is not a problem when F; is speci-
fied (where P, is updated) since the liquid density is a weak function of pressure. On

the other hand, when P, is specified P, can reach negative values and modifications
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on the standard thermodynamic libraries to obtain F; = ;P instead of ; alone are

necessary.

The P, and P, specification flash, following the recommended procedure in the pre-
vious sections, were tested in a fine grid (500 x 500) over a wide PT range using a
C;-C4 binary mixture and an oil mixture from the Bakken field [32]. The binary
system is described in Table 2.6 and the oil mixture is described in Table 2.10. The
algorithm shows to be robust and converges in all the tested points as shown from
Figure 2.16 to Figure 2.19. The average relative cost to a standard flash without
considering capillary pressure is of 1.42 for the binary mixture and 1.38 for the
Bakken fluid.

At a simple glance, the plots appear very different from each other. This seems to be
counter intuitive if we think that the P, flash and the P, flash can correspond to each
other. For example, supposing that the flash at P, and T give the results (P, 5,y,x),
apparently the flash at P, and T" will give the results of (P, 8,y,x). This seems to
suggest that Figure 2.16 can be converted to Figure 2.17 and vice versa, and the
same is true to Figure 2.18 and Figure 2.19. However, since the difference between
P, and P, is not a constant, and actually dependent on the location in the phase
diagram (it can be easily seen at the saturation boundary), the conversion is not
simple vertical translation of the plot. Therefore, although the figures using two
specifications essentially reflect the same reality and are convertible, they do not

have the exactly same appearance.

Moreover, the plotted figures confirm the same changes that the phase envelope
calculations have shown. Specifically, Figure 2.17 and Figure 2.16 show the same
results as Figure 2.11. This means that the points shown in the previous sections
correspond to the global minimum of the Gibbs energy, thus confirming its correct-

ness.

TABLE 2.10.: Compositional data for Bakken oil

Component | Composition | P (bar) | Teri (K) w Parachor
Cy 0.36736 45.162 186.297 | 0.0102 74.8
Co 0.14885 49.779 305.538 | 0.1028 107.7
Cs 0.09334 42.455 369.983 | 0.1520 151.9
Cy 0.05751 37.677 421.782 | 0.1894 189.6
Cs5-Cg 0.06406 31.804 486.377 | 0.2684 250.2
C7-Cia 0.15854 25.051 585.138 | 0.4291 350.2
C13-Coy 0.0733 17.210 740.052 | 0.7203 590.0
Co9-Cgo 0.03704 13.108 1024.717 | 1.0159 1216.8
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FIGURE 2.16.: P, flash specification. 70% — 30% C;-C4 mixture inside a cap-
illary tube of r. = 10nm. Dashed lines (- - -) represent the gas
pressure at the saturation point.
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FIGURE 2.17.: P, flash specification. 70% —30% C;-C4 mixture inside a capil-
lary tube of r. = 10nm. Dashed lines (- - -) represent the liquid
pressure at the saturation point.
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FiGURrE 2.18.: P, flash specification. Bakken oil inside a capillary tube of r. =
10nm. Dashed lines (- - -) represent the gas pressure at the
saturation point.
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FIGURE 2.19.: P, flash specification. Bakken oil inside a capillary tube of r. =
10nm. Dashed lines (- - -) represent the liquid pressure at the
saturation point.
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2.3. Conclusions

Two different algorithms for phase envelope and flash calculations for systems in
the presence of a capillary pressure difference were presented. The phase envelope
algorithm shows to be efficient and robust. It serves as a useful tool for studying the
effects of capillary pressure on phase envelope at different feed compositions, capil-
lary radii and vapor phase fractions. Furthermore, the P, and P, flash algorithms
show to be robust and able to handle different systems in a wide range of pressure

and temperature without any evident problems.

Both, phase envelope and flash algorithms, were used to test various systems from
simple binary mixtures to multicomponent natural gas and reservoir fluids. The
results show that capillary pressure shifts the phase boundary in all the places
except at the critical point: the bubble point pressure decreases and the pressure
suppression increases as the condition is further away from the critical point; the
dew point part of the phase envelope is expanded with an increase of the dew point
pressure in the upper branch, a shift of the cricondentherm to a higher temperature,
and a decrease of the dew point pressure in the lower branch. The results provided by
the phase envelope calculations generally agree with the recent studies[32, 33| based
on individual saturation point calculation except that the cricondentherm is shown
to be shifted in the results presented in this chapter. The correctness of the results
was confirmed by flash calculations using the proposed P, and P, flash algorithm.
Therefore, the unchanged cricondentherm reported in the previous studies is likely
a trivial solution caused by the absence or poor quality of initial estimates at the

cricondentherm.

The flash algorithms, both P, and P, specifications, showed to converge in all the
temperature and pressure range tested. The increase of the computational cost
associated to capillary pressure effect in flash calculations is around 40% for the
systems tested. Moreover, a stability analysis, based in a modified tangent plane
distance considering capillary pressure, is used to check the correctness of the results
obtained by the flash algorithm.

In addition to the presented algorithms, a mathematical analysis through linear
approximation at the saturation point was presented. The linear approximations
provide a way to judge the direction of the shift and to estimate its magnitude
based only on the saturation point without capillary pressure. In other words, no

saturation point calculation with capillary pressure is needed to use the equations.
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The results show that the equations predict the same directions of change as those
from the phase envelope calculation. Moreover, these equations relate the saturation
point shift to the change in volume or entropy if an infinitesimal amount of the
incipient phase is formed, thus providing a physical interpretation for the effect
of capillary pressure. In particular, multicomponent Clayperon equation indicates
that the volume change is zero at the cricondentherm and the entropy change is zero
at the cricondenbar. As a result, the saturation pressure shift and the saturation
temperature shift change the direction at these two points, respectively. These linear
approximation equations can be used as initial estimates for saturation points, and
in many cases may be sufficiently accurate for bubble point calculation with capillary

pressure.

The magnitude of saturation pressure change was found to be case dependent. How-
ever, for the range of capillary radii studied here (larger than 5 nm), the change seems
to be moderate. In practice, the picture will be more complicated, not only due to
pore size heterogeneity of real porous materials, but also due to dynamic effects like
selective adsorption and confinement effects. Therefore, additional considerations

should also be taken into account for a more complete analysis.
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CHAPTER 3

Multicomponent Adsorption in Shale

Natural gas inside shale is stored in three different forms: as free gas inside the
macro- and meso-pores; as adsorbed gas inside organic and inorganic micro-pores;
and as dissolved gas in oil and water [46]. The high content of micro-pores inside
the shale matrix can make the adsorbed hydrocarbons be up to 50% of the total
oil and gas in place. Not only can the adsorbed amount inside the reservoir be
considerably high, but also can the adsorption process plays an important role in
the phase equilibrium close to the saturation point as demonstrated by [26] and
[31]. Thus, fundamental understanding of adsorption at reservoir and production

conditions is of great importance.

Shale is a heterogeneous mixture of organic and inorganic matter which results in a
wide variation of surface chemistry and pore shapes/sizes. In some shales the micro-
pores responsible for adsorption are associated with mineral grains [47], however, for
the great majority of shales the small size micro-pores are located in organic patches,
representing the main source of adsorbed gas. This suggests that the organic content
in shale might determine the adsorption capacity [46]. The heterogeneity of shale
as an adsorbent makes adsorption very hard to study. In addition, its experimental
measurements at high pressures (up to 250 bar) and temperatures (up to 338 K)
restricted by low uptakes have shown to be very challenging as presented in an inter-
laboratory comparison by Gasparik et al. [23]. The inter-laboratory comparison
reported significant discrepancies of the measurements and reproducibility between
different laboratories. Several adsorption data inside shale for pure components

such as methane, ethane, and COy can be found in literature [48-50]. However,
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experimental data for binary and multicomponent systems are very limited. In
order to study multicomponent adsorption inside shale additional experimental data
and reliable predictive adsorption models at high pressures and temperatures are

required.

Many adsorption theories can be applied to study high pressure adsorption. For
instance, the Multicomponent Langmuir (ML), Ideal Adsorbed Solution Theory
(IAST), and the Multicomponent Potential Theory of Adsorption (MPTA). More-
over, several validations and comparisons of models can be found in the literature for
different adsorbents [51-53]. However, to the best of our knowledge, there is no such
comparison for adsorption in shale. The main objective of this chapter is to provide
a comparison of different models for high pressure adsorption data in shale found in
recent literature and molecular simulations. Three different models were tested for
the fitting of pure component isotherms: the Langmuir, Toth-Langmuir and MPTA
using the Dubinin-Radushkevich-Astakhov (DRA) potential. For multicomponent
mixtures three methods were compared: the Extended or Multicomponent Langmuir

(ML), IAST and MPTA-DRA.

3.1. Adsorption Models

In this section, we briefly describe the adsorption models used in the chapter. This
includes models for pure component fitting and multicomponent adsorption predic-

tion in shale.

3.1.1. Multicomponent Langmuir (ML)

The Langmuir model is a single layer adsorption model [54]. It assumes that the
adsorbent has a limited number of active sites to adsorb molecules, and the site
can be either empty or occupied. The occupation of an active site by a molecule is
associated to an equilibrium constant dependent on the heat of adsorption. Eq. 3.1

shows the Langmuir model for a pure component at high pressures:

abs _ , max b(T)f
n® =n (T)W (3.1)

where n®s is the absolute adsorbed amount, n™e*(T') is the maximum adsorption

capacity, b(T") is the adsorption equilibrium constant, and f is the fugacity of the
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fluid in contact with the adsorbed phase. The Langmuir model has been developed
to calculate the absolute adsorbed amount or the actual number of molecules at-
tached to the surface of the rock. Although, from an experimental point of view, it
is impossible to measure the absolute amount without making a series of assump-
tions on the density of the adsorbed phase and the occupied volume. Only tools like
molecular simulations can give the absolute adsorbed amount in well defined geome-
tries. The raw experimental measurements obtained by gravimetric or volumetric
methods reported in literature correspond exclusively to excess amounts [55]. The
excess adsorption refers to the number of molecules in the nanopores in excess of
the amount that would be present in the pore volume at the equilibrium density of
the bulk gas. Figure 3.1 depicts the difference between excess adsorption and ab-
solute adsorption (An). This term is negligible at low pressures and therefore, the
Langmuir model can be applied without any problems. Nonetheless, the difference
between the absolute and excess adsorption at high pressure is too large to ignore.

In such cases, the following modification to (Eq. 3.1) is needed:

o(T)f

0" Vaas (3.2)

where p? is the molar density of the bulk phase and V4, is the volume occupied by
the adsorbed phase. The second term on the right-hand side is the correction for
the amount occupied by the bulk phase inside the adsorbed volume, it is also the

link between absolute and excess amounts.
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F1GURE 3.1.: Common supercritical isotherm for C; in shale at 323 K. Data
generated with MPTA
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In many cases, the adsorbed volume can be approximated by the micro-pore vol-
ume. However, if no information is given regarding the pore structure, V,4s should
be treated as a separate fitting parameter of the adsorbent. This implies that the
fitting of pure components belonging to the same rock sample should be done si-

multaneously.

The fitting of pure components is very crucial in adsorption thermodynamics. Calcu-
lation of the thermodynamic properties of the adsorbed phase and the prediction of
multicomponent adsorption relies only on the pure component adsorption isotherms.
The simplicity of the Langmuir model makes its extension to the multicomponent
case quite straightforward. The Multicomponent Langmuir (ML) has the following

form:
bi(T) fi

Nc

L+ bi(T)f;

g = e (7)

(3.3)

where N, is the number of components in the mixture, and the subscript (;) refers
to component ¢ in the mixture. Notice that the ML model is again exclusively for
absolute adsorbed amounts. Therefore, in order to express the excess amounts, the

same correction as before has to be applied

bi(T) fi

Nc

L+ 0;(T)f;

nge = e (T)

— Yip*Viaas (3.4)

where y; is the molar fraction of the gas phase, and p® the density of the gas mixture
in contact with the adsorbed phase. The presented model (ML), from the com-
putational point of view, is the simplest among the three multicomponent models
tested here. Its implementation is straightforward since no numerical procedures
are required for evaluating the properties of the adsorbed phase for the pure or for

the multicomponent case.

3.1.2. Ideal Adsorbed Solution Theory (IAST)

TAST was introduced by Myers and Prausnitz [56] and is based on the concept of an
ideal adsorbed solution using classical surface thermodynamics. It is a framework
that only needs the experimental adsorption data for the pure components in order
to predict adsorption of the mixture. The principal idea on which TAST is based,

is the definition of an ideal adsorbed solution in a similar form to that used for
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liquid solutions. A concept of partial pressures for the adsorbed components is
used to calculate equilibrium between the adsorbed molecules and the fluid. The
thermodynamic equations describing the adsorbed phase are analogous to those of

real fluids and are based on three fundamental assumptions:

1. The adsorbent is thermodynamically stable, meaning that any isothermal
change in the system (fluid + adsorbed phase) will not affect the internal
energy of the adsorbent.

2. The area of the adsorbent is invariant for changes in the temperature and

pressure of the system. Moreover, the area is the same for all the adsorbates.

3. The zero dividing Gibbs surface definition applies for the adsorbed phase.
Thus, measurements procedures based on the excess adsorbed amount apply

without any modifications for the calculation of the properties.

The two main differences of the thermodynamic equations for the adsorbed phase
with respect to those of real fluids, are the replacement of the pressure P for the
spreading pressure 7w, and the replacement of the volume V for the surface area
A. Therefore, same as for real fluids, the change of internal energy U and Gibbs
energy G as function of the extensive (S, A,n) and intensive variables (T, 7, 1) of
the system.

dU =TdS - wdA+ ) pdn; (3.5)

dG = -SdT - Adr + ) nidp; (3.6)

Following a procedure similar to that in solution thermodynamics, we can arrive at
the equilibrium condition based on equal fugacities of the adsorbed phase and the

bulk phase in contact,

Py;p; = f?(ﬁi)xi
Ty =Tj i,jzl,...,Nc (37)

Zyizz$i=1

where for the bulk phase: P is the pressure, ¢; is the fugacity coefficient, z? is the
molar composition; for the adsorbed phase: f? is the fugacity of the pure component
i alone at a spreading pressure 7, z¢ is the molar composition, and ; is the activity
coefficient, which for the IAST framework is equal to one (y = 1). For a detailed

derivation the reader is referred to [56].
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The fugacity dependence on the spreading pressure f;(7) is crucial to solve the
system of equations in (Eq. 3.7). It is obtained by means of the Gibbs adsorption

isotherm of the pure components:
—Adr +ndu =0 (3.8)

The integration of this equation and its following inversion gives us the relationship
for the spreading pressure.

RT f°

m(f) == , n(t)dint -~ f=1m) (3.9)

At low pressures, it is possible to substitute P° for fy, but formally the fugacity term
is the one defined. In the IAST framework, in order to obtain the thermodynamic

properties of the adsorbed phase, the surface excess amounts are used [57-59].

At low pressures, where the absolute adsorbed amount coincides with the excess
amount, the adsorption data can be fitted with Langmuir isotherms and (Eq. 3.9)

can be integrated analytically.

(f9) = %nm In(1+bf,) (3.10)

This relationship can be inverted to get the fugacity as an explicit function of the

spreading pressure.

fo(m) = %exp[niax%] —% (3.11)
It is worth noticing that b and n™ are temperature dependent, therefore experi-
mental data at different temperatures are necessary when calculations for a variety
of temperatures are required. On the other hand, at high pressures the normal
Langmuir fitting is no longer satisfactory and models such as (Eq. 3.2) should be
used to get the spreading pressure in (Eq. 3.9),

fO
R [nma‘” bt — () Vg | dInt (3.12)

0 T - - _

(/5 T) A 1+0bt

Unfortunately, this equation cannot be integrated analytically due to its bulk density
dependent term pb. Therefore, numerical methods are necessary. The standard

procedure to solve the system of equations on (Eq. 3.7), is to sum up the molar
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fractions in the adsorbed phase and solve for the spreading pressure of the system:

Psoz
(m)

The initial estimate of the spreading pressure can be obtained with (Eq. 3.12) by

F(r)= Z -1=0 (3.13)

assuming pure component adsorbed phase of the most abundant component in the

bulk phase. Newton’s method is then used to reach the solution.

okl _ ok F(r)
) (3.14)

After solving for 7, the adsorbed phase molar compositions z; are readily obtained by
substituting the spreading pressure into (Eq. 3.7), and the excess adsorbed amount

can be obtained by applying ideal mixing properties

— 3.15
Y (3.15)
where n? is the adsorbed amount of component i at spreading pressure 7 in the

absence of the other components in the mixture.

To summarize the procedure: First, the pure component experimental data are
regressed to an adsorption model. Then, the integral in Eq. 3.9 is evaluated and
inverted for each component to yield the relation between the fugacity (f°) and the
spreading pressure (7). Finally the system of equations in Eq. 3.7 is solved with
respect to the spreading pressure (7), which can be subsequently use to compute

the excess amounts and molar fractions.

The TAST framework was applied using two different isotherm models fitted to the
experimental data for the multicomponent adsorption comparison described in the
following sections. One of them is the modified Langmuir in (Eq. 3.2), and the other
is the Toth equation, which is an empirical modification of the Langmuir model to

yield improved fitting results.

e = mor(1)— 2Oy, (3.16)
[1+ (D))

where c is a correction exponent parameter. In principle, it is also possible to use

the raw experimental data and perform a discrete numerical integration. However,
unless the experimental data have low noise and are sufficiently smooth, it is rec-

ommended to use analytical fittings for IAST framework engine.
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3.1.3. Multicomponent Potential Adsorption Theory (MPTA)

The MPTA theory was developed by Shapiro and Stenby [26] on the basis of the po-
tential concept originally suggested by Polanyi [27]. MPTA describes the adsorbate
as a distributed fluid inside an external potential field emitted by the adsorbent.
The properties in the adsorbed phase not only differ from those in the bulk, but also
depend on the position with respect to the wall. In comparison with ML and IAST,
MPTA is a very descriptive model, which can be used to compute other properties
besides the adsorbed amounts, such as density, pressure, and composition profiles
inside the adsorbed phase. It can also be used to predict the condensation of mix-
tures close to the wall where the pressure increases notably and can form liquid

layers on the wall.

MPTA considers that each component i, at any position z from the wall, is at
chemical equilibrium with the bulk phase. For a pure component at a constant
temperature, the equilibrium between the bulk phase and any point in the adsorbate
is given by:

p(P(2)) - e(2) = n(F) (3.17)

where p is the chemical potential, P(z) is the pressure at a distance z from the wall,
€(z) is the potential contribution emitted by the wall, and the subscript (;) refers

to the bulk phase. For multicomponent mixtures, Eq. 3.17 can be extended to:

pi(x(2), P(2)) = €(2) = (3, 1) (3.18)

where x is the vector of molar fractions (z1,...,2y.). The solution of Eq. 3.18 de-
pends on the choice of the EoS to describe fluid properties, and the choice of the
wall potential function e. In this work, the Peng-Robinson (PR) EoS was used [60].
The PR EoS is easy to implement and gives satisfactory results for density of hy-
drocarbon mixtures, which is an important property used to calculate the adsorbed
amount. For the wall, the Dubinin-Radushkevich-Astakhov (DRA) potential was
chosen. The DRA potential is an empirical potential introduced by Dubinin [61] to
describe the adsorption of gases on active carbon, although it has been successfully
applied to different adsorbents and fluids ([57, 62, 63]). It was also applied at high
pressures by Monsalvo [52] obtaining low deviations. The DRA potential has the

following form:

z(€) = zgexp [— (5)5] < €(2)=¢ (ln %)I/Ei (3.19)

0/
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where 2 is common adsorption capacity for all components, € ; is the character-
istic energy for the solid-fluid interaction, and fS; the scaling exponent. All three
parameters are fitted from pure component experimental data and in principle, are
temperature independent. It is worth noting that in the context of DRA, z is treated

as the volume of a given pore, and €(z) as the energy associated to that pore.

In order to solve Eq. 3.18, only the bulk pressure and composition needs to be
specified. This is sufficient to determine the properties of the adsorbate at every
position or pore volume z. This allows us to compute the excess adsorbed amount

by integrating the density along z as follows:

T, - fo P () 1i(2) - pon)dz,  Ti= (3.20)

where I is the surface excess and A the surface area of the adsorbent. Immediately,

the average composition of the adsorbed amount can be computed as follows:

(3.21)

The general strategy for solving Eq. 3.18 is to discretize z (i.e. z >z = {z!,....2F ..~
0.1A}) and solve the system point-wise. It is recommended to start far away from the
wall (z! ~ 2g), where the adsorbate behaves similarly to the bulk phase. Moreover,
the bulk phase properties can be used as initial guess. When the first point is
converged, i.e. P(z') and x(z!) are determined at position (z » z;), a small step is
taken towards the wall using the previous point as the initial guess. This procedure
is repeated until z reaches an established limit to the wall. Same procedure can
be used to discretize €(z) instead of z. This approach avoids coarse intervals in z,
especially close to the wall, where good resolution is needed for an accurate numerical
integration of (Eq. 3.20).

3.2. Experimental data

Experimental measurements in shale are quite challenging to conduct due to low
adsorption capacities, as well as the range of temperature and pressure the experi-
ments are performed under. For instance, adsorption capacity in activated carbon
can approximately 100 times higher than in shale. As a result, the relative accuracy

for shale measurement becomes lower even without accounting for the challenging
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temperature and and pressure conditions where the measurements are of interest.
Gasparik et al. [23] pointed out these challenges in an inter-laboratory compar-
ison for methane, ethane, and carbon dioxide adsorption measurements at high
pressures and temperatures. Although, similar standard procedures were used by
different laboratories on a shale sample from the same rock, a wide range of results
were obtained as shown in Figure 3.2. Difficulties in the reproducibility of the mea-
surements are observed especially at high pressures, which are the ones of greatest
interest for shale reservoir conditions. To obtain more consistent adsorption data
in shale at high pressures, standardized methods are needed to have a quality data
bank. Despite big efforts are being made to obtain experimental data at high pres-
sures in shale, the data available in literature are still limited, especially for binary
systems. Nevertheless, a model comparison is useful to study their capabilities and
limitations in the fitting of the pure component isotherms, and the prediction of

multicomponent systems. The tested pure component data contain a total of 55
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FIGURE 3.2.: Experimental adsorption measurements of CO9 at 65°C' for a Na-
murian shale sample performed by different laboratories. Figure
taken from Gasparik et al. [23]

isotherms for methane, ethane and CO,. Even though adsorption data of longer
hydrocarbons are of great interest in shale, experimental data at high pressures, to

the best of our knowledge, is not available in literature.

Experimental data for adsorption of mixtures in shale available in the literature is

very limited. Only a limited data for binary mixtures can be found. Therefore, we
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TABLE 3.1.: Experimental data for adsorption of pure components in shale.

Component P (bar) T (K) Isotherms Source
C 0-250  300-473 36 [23][49][50][24, 64, 65]
Cy 0-200 308368 10 [23][24]*
CO, 0-250  308-358 9 [23][65]

* Molecular simulation

also include the molecular simulation data from [24] as experimental data. In the

present work three systems were tested and are summarized in table 3.2.

TABLE 3.2.: Experimental data for adsorption of multicomponent mixtures in
shale.

System  Pressure (bar) Temperature (K) Source

C1-Cy 0-125 313-333 [64]
C1-Cy 0-200 308-368 [24]*
C1-CO, 0-100 308-358 [65]

* Molecular simulation

In summary the data considered are in the range of (0-200 bar) and (308-368 K).
Such conditions are relevant for the study of the adsorption process at reservoir

conditions.

3.3. Results

This section summarizes the capability of the three adsorption isotherm models
(Langmuir, Toth-Langmuir and MPTA-DRA) to match the pure component exper-
imental data. Moreover, the predictability of the three multicomponent adsorption
models (ML, IAST, and MPTA) to represent the multicomponent experimental data

are compared and discussed.

For the pure component experimental data, Figure 3.3, Figure 3.4, and Figure 3.5
show fitting examples of the C;, Cy and CO, isotherms, respectively. For the case of
Cy, Figure 3.3 shows that the MPTA+DRA matches the data slightly better than
the other two models. Figure 3.4 shows that for the Cy case, both MPTA+DRA
and Toth match the data quite accurately. Finally, for the COy data, Figure 3.5
shows that Langmuir and Toth match the data better. It is worth mentioning
that for components measured in the same shale sample the fitting must be done
simultaneously since some parameters, such as the adsorbed volume (V45 and z),

belong to the adsorbent. This might introduce difficulties for pairs of components
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such as C; and COs, since the adsorption of COy can be considerably greater than

C; as shown in the three figures.
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FIGURE 3.3.: Methane adsorption data fitting example for the three models.

Experimental data taken from [23], sample "Namurian: Lab 5”
T=338 K

The presented figures are just examples, and obviously each set of adsorption data
will have different results. The summarized results for the three models are presented
in Table 3.3, where the Absolute Average Deviation (AAD) is defined as follows:

N = Negp

AAD % = x 100% (3.22)

Nexp

TABLE 3.3.: Comparison of the three models for pure component adsorption.
Fitting of data summarized in Table 3.1

Model AAD % | No. parameters Temperature
Langmuir 7.78 3 dependent
Toth-Langmuir 5.70 4 dependent
MPTA + DRA 9.12 3 independent

The lowest deviation is given by the Toth-Langmuir model (Eq. 3.16). Nevertheless,

the difference among the three models is small and the evaluation of the models
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FIGURE 3.5.: CO4 adsorption data fitting example for the three models. Exper-
imental data taken from [23], sample "Namurian: Lab 5” T=338
K
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should take into account other aspects of modeling. MPTA-DRA shows the advan-
tage that the regressed parameters are temperature independent. This considerably
reduces the amount of parameters when working with different components at dif-
ferent temperatures. Table 3.4 shows the type of parameters for each model and the
total number of parameters fitted for the comparison. In summary MPTA+DRA
has (N.+2) parameters for each set of isotherms performed in the same sample. This
are considerably fewer parameters in comparison with Langmuir and Toth-Langmuir
that have (2N.Nr+1) and (3N.Nr + 1), respectively. With N, being the number of

components and Ny the number of measured temperatures.

TABLE 3.4.: Description of the type and quantity of regressed parameters for
each model.

Parameter type Total
Model component rock | regressed parameters
Langmuir 2T 1 119
Toth-Langmuir 37 1 174
MPTA + DRA 1 2 65

T Temperature dependent parameter

In principle, the temperature dependent parameters from Langmuir or Toth, can
be fitted either to empirical correlations or temperature dependent thermodynamic
relationships. For instance, the b equilibrium parameter is connected to the enthalpy

of adsorption[66] by the following relationship:

1 E Ejy
b= ﬁexp(ﬁ)exp (_RT) (3.23)

where £} is the enthalpy of adsorption and the temperature independent factor
{% exp (%)} is called the entropic factor. In both cases, for empirical correlations
or thermodynamic relationships, we still need to consider additional correlation pa-

rameters for the temperature dependence that will introduce an additional error.

For the mixtures, the AAD in the adsorbed amounts is presented in Table 3.5. As
mentioned in the previous section, for the IAST framework, the Langmuir and the
Toth models were tested for the description of the pure component isotherms. This
will allow us to examine if the selection on how to model the isotherms has a big
impact on the final results. It is shown that MPTA-DRA has the lowest deviation
among the different models, followed by ML and TAST+Langmuir. TAST-Toth gives
the highest deviation in spite of the good fitting capabilities for pure component

isotherm.
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TABLE 3.5.: Comparison of three models tested for the prediction of the mul-
ticomponent adsorption data summarized in Table 3.2
Model AAD %
MPTA + DRA 17.9
IAST + Langmuir 27.0
IAST + Toth 31.7
M-Langmuir 26.1

Figure 3.7 and Figure 3.8 show the comparison of the models for a C;-Cy system.
The comparison was made for the adsorbed amounts and also for the selectivity.
The selectivity refers to the preference of the adsorbent towards a component with
respect to other. It is defined as:

i [y

S, = 3.24
i (3:24)

where z; is the molar fraction in the adsorbed phase and y; is the molar fraction
in the gas phase. In Figure 3.7, the adsorbed amounts are equally well represented
by all the methods, with a minor deviation for ML at high pressures. One of the
reasons of the good prediction for all the models is the ability to fit the underlying
pure component isotherms. Figure 3.6a and Figure 3.6b show the fitting of the pure
component isotherms that were use for the binary prediction. Moreover, differences
between the C; and C, isotherms, in terms of shape and magnitude of adsorption,
are minor. Therefore, one could expect that the behavior of a binary mixture will
not be to far from that of the pure components. On the other hand, prediction of
the selectivity is not represented as satisfactory as the adsorbed amounts. [AST
gives better results for the selectivity towards Cs in the whole pressure range as
shown in Figure 3.8, while ML shows low deviation at high pressures, and MPTA

at low pressures.

In comparison with the magnitude of adsorption amounts presented in Figure 3.3
and Figure 3.4, the ones presented in Figure 3.7 are notably higher. This is due
to the fact that the molecular simulation data taken from Collell et al. [24] is for
adsorption in pure kerogen, which is considered the organic matter responsible for
the adsorption in shale. Nevertheless, the shape of the adsorption isotherms of shale
and pure kerogen are very similar and can be fitted quite accurately in both cases.
Although, figures of the results are not shown here, the prediction of the C;-C,
binary mixtures in Wang et al. [64], shows to be very accurate for the three models
tested.
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Adsorption prediction for binary mixtures containing CO, does not give results
as satisfactory as for the C;-Cy binary system. Figure 3.10 and Figure 3.11 are
examples for the predictions of a C;-COy mixture. Visibly MPTA gives the best
prediction among the tested models for the absolute adsorbed amount and also
for the individual CO, adsorbed amount. However, in comparison with the Ci-
Cy system, all the methods give higher deviations and none of them are accurate
enough. This may be partly attributed to the difficulties found in the simultaneous
pure component fitting of C; and CO, presented in Figure 3.9a and Figure 3.9b.
In contrast to the C;-Cy predictions, mixtures containing CO, are considerably
more difficult. This might be attributed to different reasons. One reason might
be that hydrocarbon components are similar to each other, hence the interaction
with the shale or kerogen molecules is also similar. Furthermore, its pure adsorption
isotherms can be fitted accurately with all the described models, increasing the
confidence of a good binary prediction. Another reason, is the pressure range of
the experiments. For instance, CO, shows a distinctive behavior after the critical
pressures, yielding difficult isotherms for fitting. Therefore, different models must

be evaluated in the future for the fitting of pure CO, data.
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FIGURE 3.6.: Fitting of pure component data used to predict the binary system
in Figure 3.11 and Figure 3.8
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3.4. Conclusions

A model comparison for adsorption of pure components and multicomponent mix-
tures in shale was presented in this chapter. Although there are limited experimental
data in literature, the comparison still sheds light on how the tested models perform
for shale. Their performance should also be discussed in connection with the num-
ber of parameters used, their temperature dependence and the computational cost
of these models. It was found that for pure components the Langmuir, Toth, and
MPTA-DRA models show comparable results with AADs lower than 10%. In spite
of the computational effort required to fit the pure component adsorption isotherms,
MPTA+DRA has much fewer fitting parameters in comparison with Langmuir and
Toth models, for a system with different components and isotherms at different tem-
peratures. The reason behind is the temperature dependence of the parameters in
the Langmuir and Toth models, making them less predictive when applying to a
wide temperature range where experimental data are not available. This advantage
makes MPTA-+DRA a more attractive method for describing multiple adsorption

isotherms at different temperatures with a total of N.+2 parameters.

For multicomponent systems, MPTA+DRA shows the best prediction for the ad-
sorbed amount with an AAD of 17.9% followed by ML and TAST+Langmuir with
26.1% and 27.0%, respectively. While TAST+Langmuir shows a slightly better pre-
diction for the composition in the adsorbed phase. Furthermore, the binary system
C1-COy shows to be considerably more challenging than the C;-Cy system where
all the models were able to describe adsorbed amounts and sensitivities quite satis-
factorily. CO, data at supercritical conditions are difficult to fit with the proposed
models. Moreover, the simultaneous fitting of COy with a component with consid-
erably lower adsorption capacity such as C;, makes the fitting process even more
challenging. Additional modifications in the models, such as component indepen-
dent adsorption capacities should be considered in future work to improve the results
for the C;-CO4 system. In summary, for the multicomponent case, MPTA+DRA is
also preferred due to its better prediction capabilities. However the ML, in spite of
its simplicity, gives reasonable results and should be considered into account when

simple and fast simulation is required.
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CHAPTER 4

Phase Equilibrium Involving Both
Capillary Pressure and Adsorption

Since capillary pressure and adsorption effects exist simultaneously in porous media,
it is better to include both effects in the study of phase equilibrium. For instance, an
adsorption isotherm at subcritical temperatures is strongly connected to capillary
condensation. The adsorption isotherm represents the saturation of small pores
until a liquid film appears (phase transition) and the pore filling starts to take
place. The combination of the thickening of adsorption film and the enhancement

of the capillary pressure can shift the saturation pressure of the fluid in the pores.

Changes due to capillary pressure alone were presented in Chapter 2 where it was
shown that the phase envelope experiences changes everywhere except in the critical
point. Moreover, smaller capillary radii magnify these changes, suggesting that
the contribution of the adsorption film should be evaluated. Dong et al. have
recently shown that the thickness of adsorption film modifies the effective capillary
radius and enhances the capillary effect[31]. Additionally, efforts in considering
wall effects and adsorption into equations of state have been presented, showing
deviations from conventional phase equilibrium [29, 30]. Selective adsorption may
occur, modifying the composition in the bulk space of the pore causing changes in
the phase behavior of the overall system. Such changes might have a big impact
when preferred adsorption of specific components happens. One example is the

selectivity towards heavier hydrocarbons in gas mixtures as presented in Chapter 3.
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Without considering capillary pressure and compositional changes due to adsorp-
tion together, incorrect predictions on fluid properties might be obtained. In order
to generate useful predictive tools, it would be ideal to have experimental adsorp-
tion data of different hydrocarbons at a wide range of temperatures and pressures.
However, there is virtually no adsorption data for longer hydrocarbons in shale.
Therefore, it is necessary to develop a method to estimate adsorption of heavier

components in liquid rich shale reservoirs.

In this chapter, we study the effect of the capillary pressure, adsorption film, and
selective adsorption in phase behavior of shale reservoirs. An analysis on the effect
of the thickness of the adsorption film on the phase envelope of a mixture is pre-
sented. It is based on the phase envelope construction considering capillary pressure
presented in Chapter 2. But the capillary radius is considered variable depending on
the magnitude of the adsorption film thickness. MPTA is used as a tool to generate
adsorption data of various hydrocarbons of which experimental data is currently
not available. Additionally, a new algorithm for flash calculations inside shale reser-
voirs, involving both capillary pressure and selective adsorption is presented. The
algorithm is used to analyze how the phase equilibrium changes at different regions

of the phase envelope.

4.1. Phase Envelope Including Capillary Pressure and

Adsorption Film

For a system under a capillary pressure difference, the phase equilibrium changes
everywhere except at the critical point (Chapter 2). If we consider an adsorbed phase
in the system, its film thickness will reduce the effective capillary radius increasing
the pressure difference between the phases as shown by [31]. In order to evaluate the
effect of the adsorption film on the phase envelope the following system of equations

is solved:

K, +nF(T,P,,y)-InF(T,P,x)=0; i=1,..,N,

Zl(y -2;)=0 (4.1)

P-P,+ 20 cos _0o
Te
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coupled with:
Te=1T—1q4 (4.2)

where Kj; is the equilibrium constant for component ¢, 7" is the temperature, P,
is the pressure in the liquid phase, P, is the pressure in the gas phase, o is the
interfacial tension, r is the pore radius, 7. is the effective capillary radius, and ¢,
is the thickness of the adsorption film. The system in (Eq. 4.1) can be solved for
each point of the phase envelope at a given r. by the method presented in Chapter
2. After (Eq. 4.1) is converged for each 7., the thickness ¢, is then updated in an
outer loop. The solution is finally reached by means of successive substitution. The
thickness of the adsorption film is calculated using the following relationship:
nabs

to=
padsA

(4.3)

where n%s is the absolute adsorbed amount, p,4s the density in the adsorbed phase,
and A is the surface area of the adsorbent. At the saturation point, the density of
the adsorbed phase is close to the density of the liquid phase p;. Therefore, p,q4s can
be approximated in by p; in (Eq. 4.3). The adsorbed amount n, is calculated by
using the ML model in (Eq. 3.3) yielding:

LIS bi(T) i
i DAL 44
R z;n ( )1+Z§V:61 b;(T)f; 44)

The ML is easy to implement and the computational cost is low but has the draw-
back that the equilibrium parameters b; and n]"** must be known in advance at
different temperatures. As presented in Chapter 3, the experimental data in shale
are very limited, making it difficult to apply to the whole range of temperature of
the phase envelope. In contrast, MPTA is computationally expensive, but the ad-
justable parameters are temperature independent. Therefore, it can in principle be

applied to the whole range of temperature of the phase envelope.

An alternative solution to get the computational benefit of ML and the flexibility of
MPTA is proposed in this work. MPTA is employed to generate artificial adsorption
isotherms at different temperatures, and the generated data are then used to fit the
Langmuir parameters in ML. In this way, it is possible to get the temperature
dependent ML parameters for each pure component. Allowing an interpolation of
the temperature dependent parameters at the desired temperature. The detailed

procedure is presented in the following section 4.2.
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A C,-C, system was tested at two molar concentrations: 70%-30% and 30%-70%.
Figure 4.1 shows the results. It can be seen that the adsorption film enhances the
effect of the capillary pressure in the phase envelope, especially in the bubble point
branch. Table 4.1 and Table 4.2 show the calculated adsorption thickness for both
systems at different temperatures along the bubble point. The adsorption film is
more relevant in regions farther away from the critical point where the surface ten-
sion is higher, and even a small difference in the effective capillary radius can be
of importance. Close to the critical point, the effect of the adsorption film is very
small. Near the critical point, the interfacial tension is close to zero corresponding
to a very small capillary pressure difference. Therefore, changes in the saturation
pressure/temperature will be negligible. Moreover, it is important to notice that
a very small radius of r. = 3 nm is intentionally selected to test the effect of the
adsorption in film in limiting cases. This means that for bigger radii of interest,
the effect would be even smaller, thus, negligible. On the other hand, Dong et al.
[31] showed a similar calculation considering the effect of the adsorption film in
phase equilibrium, showing considerable changes close to the critical point. They
assumed that the pure component critical properties used in the thermodynamic
models should be changed by the confinement. With this artificial change of model
parameters, the obtained phase envelopes are significantly smaller and the critical
points are also shifted. However, there is not enough ground for the artificial ad-
justment of the critical properties in our opinion. Therefore, for purposes of this

work, the critical properties for the bulk phases are kept unchanged.

TABLE 4.1.: Thickness of the adsorption film (¢,), interfacial tension (o), and
capillary pressure (P,) for C1-Cy4 70%-30% mixture shown in Fig-
ure 4.1. AF:Adsorption Film.

o (mN/m) P. (bar)
T t, (nm) (r.=3nm) (r.=3nm)+ AF | (r.=3nm) (r.=3nm)+ AF
200  0.467 2.549 2.573 16.993 20.33
250  0.453 0.191 0.217 1.270 1.705
300  0.526 0.004 0.004 0.023 0.034

4.2. Artificial Adsorption Data from MPTA

Adsorption literature data in shale are only available, to the best of our knowledge,
for methane, ethane, and CO,. Therefore, we must seek for alternatives to generate

reasonable adsorption isotherms for higher hydrocarbons at different temperatures
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TABLE 4.2.: Thickness of the adsorption film (¢,), interfacial tension (o), and
capillary pressure (P.) for C;-C4 30%-70% mixture shown in Fig-
ure 4.1. AF:Adsorption Film.
o (mN/m) P. (bar)

T t, (nm) (re=3nm) (r.=3nm)+ AF | (r.=3nm) (r.=3nm) + AF
200  0.466 3.398 3.418 22.650 26.99
250  0.451 1.818 1.810 12.120 14.18
300 0474 0.795 0.780 5.329 6.13
350  0.538 0.185 0.187 1.236 1.50
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FIGURE 4.1.: Phase envelope of two C1-C4 mixtures at different compositions.
The solid line (—) represents the normal phase envelope; the
dashed line (- - -) considering P. with effective capillary radius
re =3 nm ; and the dotted line (---) considering P.+Adsorption
with a total radius of » = 3 nm and variable effective capillary
radius r. =7 —t,. The surface area considered was A = 28 m? /g

in order to study reservoir fluid mixtures containing these hydrocarbons. An al-

ternative approach to obtain such data is presented in this section. It is based on

MPTA predictions of alkane adsorption using extrapolated data from methane and

ethane.

The adsorption data from Wang et al. [64] are used as a starting point in order to

obtain necessary parameters of a shale sample, such as adsorption volume zj, scaling

exponent 3 and rock-fluid interactions parameters ¢y, for methane and ethane. All

the parameters were fitted simultaneously, and are summarized in Table 4.3. Figure
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4.2 shows the fitting of MPTA for the methane and ethane adsorption data. The ab-
solute average deviation obtained is of 5.82%, which is quite satisfactory considering

that all the parameters are temperature independent.

MPTA parameter Value
% <me3> 11.23
B 1.02
Ci1, €,/R (K) 506.6
Ca, €,/R (K) 724.8

TABLE 4.3.: MPTA fitting parameters corresponding to data in Figure 4.2

0.18
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Ej 010 I S |
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= 0.06 o 313.15 K | |
i A 323.15 K
004 o 33315 K ||
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0'000 20 40 60 80 100 120

P (bar)

FIGURE 4.2.: Adsorption data from Wang et al. [64] fitted with MPTA.

The only parameter that is dependent on the fluid is adsorption energy term ¢,,
the other parameters (zg,3) correspond to the rock itself. This means that if one
can estimate the energy terms for different hydrocarbons, it is possible to generate
adsorption predictions since the rock parameters are not going to change. Previous
studies have shown that for alkanes, the energy term increases as the carbon number

increases [57]. This can be seen in Figure 4.3.

Since there are no adsorption data for alkanes longer than ethane, we have to extrap-
olate the energy parameters based on the methane and ethane parameters. We are

aware of the inaccuracy associated with the extrapolation. Nonetheless, it should
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FIGURE 4.3.: Energy term as a function of the carbon number in alkanes (Mon-
salvo and Shapiro [57]). Adsorbents: Activated Carbon (AC) and
Molecular Sieves (MS)

capture the increasing fluid-wall interaction energy term with the chain length. Ta-

ble 4.4 shows a linear extrapolation of the energy parameter for alkanes used in this

study.
Alkane ,/R (K)
Cy 506.6
Cy 724.8
Cy 1161.2
Cs 2034.0
Cio 2470.3
Crz 2906.7
Ci6 3779.5

TABLE 4.4.: Extrapolated energy parameters for different alkanes

Artificial adsorption data, using MPTA and the energy parameters in Table 4.4, are
presented in Table A.3 to Table A.38 in Appendix A. These data were subsequently

fitted using Langmuir isotherms as functions of the fugacity.

bf
abs _ ,,maz
n T30 (4.5)
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The fitting parameters are summarized in Table 4.5. With the parameters fitted at
different temperatures, it is possible to interpolate these values to the desired tem-
perature. However, it is even better to find some regular trends for the temperature
dependent parameters rather than to use a simple linear interpolation. The maxi-
mum uptake (n™%) shows a linear trend with the temperature, and the equilibrium

constants (b) follow an exponential relationship:

E, (1
maz (Y = o T . Inb(T) =1ln A - i 4.
n e (T) = m;T + ¢, nb;(T) =1nA; = (T) (4.6)

where E), is the enthalpy of adsorption and the temperature independent factor
In A is called the entropic factor {A = # exp (%)} Table 4.6 shows that excellent
fittings can be obtained for the different alkanes using (Eq. 4.6).

In summary, we obtained four parameters (a;,b;,In A;, E},./R) for each component
that describe the Langmuir isotherms in a wide range of temperatures (223K —
573K). This result is easy and fast to implement with the ML, thus, gaining com-
putational advantages over a direct incorporation of MPTA while still describing a

similar adsorption behavior over the whole temperature and pressure range.
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TABLE 4.5.: Summary of Langmuir fittings for the artificial data.

Alkane T (K) nmer b (bar”!)  RMS (22el)  AAD
223.15 3.37-1071  8.16-1072 1.24-1072 9.4%

323.15 2.85:1071  1.93.1072 7.14-1073 15.5%

C 373.15 2.71-1071  1.15-1072 5.21-1073 17.5%
423.15 2.61-1071  7.60-1073 3.66-1073 17.8%

473.15 2.53.10°1  5.49.1073 2.53-1073 16.8%

573.15 2.16:1071  4.15.1072 1.83-1073 9.0%

223.15 2.46-10°T  2.05-109 1.37-1072 7.0%

323.15 2.34-1071  9.86-1072 7.81-1073 7.8%

Co 373.15 2.19107Y  5.07-1072 6.32:1073 10.5%
423.15 2.06-1071  3.01-1072 5.25.1073 12.6%

473.15 1.951071  1.93-1072 4.381073 14.5%

573.15 1.81-107'  9.581073 2.83-1073 17.0%

323.15 1.40-10°1  2.26-10° 5.82-1073 2.5%

c 373.15 1.37-107'  5.07-107* 5.65-1073 3.3%
4 423.15 1.32.1071  2.16-107! 5.45-1073 6.0%
473.15 1.26-1071  1.19-1071! 4.99.1073 8.2%

573.15 1.13-107'  5.31.1072 3.87-1073 11.4%

323.15 7.09-10°2  3.97-107 4581073 4.0%

c 373.15 6.95-1072  6.61-10" 8.66-1073 16.8%
8 423.15 6.79-1072  1.88-10! 8.18-1073 25.3%
473.15 6.64.1072  6.72-10° 6.75-1073 21.9%

573.15 6.26-1072  1.86-10° 6.01-1073 38.7%

323.15 5.69-1072  2.26-103 1.03-1073 1.7%

c 373.15 5.49-1072  4.66-10% 3.80-1073 5.1%
10 423.15 5.41-1072  1.09-102 6.78-1073 16.1%
473.15 5.31.1072  2.09-10* 5.45-1073 14.6%

573.15 5.10-1072  6.50-10° 5.60-1073 22.9%

323.15 4.60-1072  2.20-10% 9.60-10~% 1.6%

c 373.15 4.53-1072  3.69-103 4.37.1073 8.4%
12 423.15 4.481072  3.41.102 4.02:1073 7.8%
473.15 4431072 4.86-10! 4.81-1073 10.9%

573.15 4311072 1.22-10' 4.92:1073 20.2%

323.15 3.23-1072  1.44-10° 1.20-1073 1.5%

c 373.15 3.22.1072  2.96-10% 4.10-1073 7.5%
16 423.15 3.19-1072  4.63-103 6.18-1073 21.5%
473.15 3.16:1072  1.41-103 5.87-1073 31.6%

573.15 3.10.1072  2.98.10% 4.83-1073 48.1%

TABLE 4.6.: Summary of the fitting for the Langmuir temperature dependent

parameters.

Alkane | Z4(K) ImA R?> |m (";LKOZ) c (%"Z) R?

Cq -1115.9 -7.48 0.997 | -2.66-107*  0.3985  0.963
Cs -1947.9 -8.13 0.996 | -2.13-:107*  0.2931  0.981
Cy -2758.5 -7.91 0.987 | -1.09-10*  0.1769  0.985
Cs -3989.1 -6.44 0.998 | -3.32-10°  0.0818  0.996
Cio -4502.1 -6.11 0.990 | -2.24-10=>  0.0637  0.978
Cio -5871.2 -8.00 0.984 | -1.14-10>  0.0496  0.997
Cis -6189.2 -5.68 0.965 | -5.41-10¢  0.0341  0.983
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4.3. Flash Calculations Involving Both Capillary

Pressure and Adsorption

Isothermal flash calculations are perhaps the most important phase equilibrium
calculations in practical applications. They are at the core of compositional reservoir
simulations and many process engineering tools to determine the equilibrium phase
composition and properties at specified pressure and temperature. Incorporation of
the adsorption effects and capillary pressure in isothermal flash is essential to the
analysis of phase equilibrium inside shale reservoirs, and inside confined systems in

general.

The system to be dealt with in this section is depicted by Figure 4.4. It shows a
fluid inside a pore with specific surface area A and void volume V. Although a
cylindrical geometry is shown, the method we propose can be applied to any system
with a known void volume and specific surface area. A total of three phases are
present in the system: a liquid phase, a gas phase, and an excess adsorbed phase.
A capillary pressure difference P, is accounted for across the interface of the liquid
and gas phases. The goal is to determine the phase fractions and compositions of
the adsorbed phase, liquid phase and gas phase in the system at a specified pressure

P, temperature T, and overall composition zf.

.

[

ook

+

e P ¢
excess bulk absolute
b """~ ~
rs ~
Vs N
/ \

—-——
—_—

FIGURE 4.4.: Blue spheres correspond to the bulk phases (gas and liquid), and
green spheres correspond to the excess adsorbed phase. The first
blue/green layer next to the wall corresponds to the absolute
adsorbed layer. Figure taken from Mason et al. [71]
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Phase equilibrium in the system is assumed. Therefore, we can write that the
fugacity (and chemical potential) of each component in the liquid, gas and adsorbed

phase is the same.

f=r=r (4.7)

where f& is the fugacity of component 7 in phase . Throughout the entire chapter
the superscripts g, [ and a would be used for the gas, liquid and adsorbed phases

respectively. The system is subject to mass balance constraints:
2 = 09y, + 0'a; + 0%w; (4.8)

where zzf is the normalized feed composition, y; and #9 are the molar compositions
and molar phase fraction in the vapor phase respectively; z; and #' in the liquid
phase; and w; and 6% in the excess adsorbed phase. The summation of the phase

fractions must sum to unity

0'+69+0%=1 (4.9)

and the molar compositions in each phase must also sum to unity.
Yoyi=ywi=y wi=1 (4.10)

For the mass balance, it is advantageous to use the excess adsorbed phase frac-
tion instead of the absolute one. By referring to Figure 4.4 we can notice that the
space inside the cylinder is filled by the bulk phases in the middle and the abso-
lute adsorbed phase attached to the wall. Furthermore, to delimit the space that
corresponds to the adsorbed phase and the bulk phases, it is necessary to introduce
an assumption on the thickness of the adsorbed layer. However, this issue can be
avoided by utilizing the excess adsorbed phase fraction (green spheres in Figure 4.4),
instead of the absolute adsorbed phase fraction (first layer next to the wall). In this
way, there is no need to introduce a reference, since the excess adsorbed phase will
occupy empty spaces that the bulk phase would not occupy in the absence of an

adsorbed phase. This is clearly shown in the left-hand side of Figure 4.4.

Another constraint arises from the mechanical equilibrium between the oil and gas
phases. In this section, the thickness of the adsorption film was neglected in the
contribution of the capillary pressure. Hence, the pore radius and effective capillary

radius are the same r = r.. Furthermore, the Young-Laplace equation in a tube is
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employed to describe the capillary pressure difference

20
p=pi-p==2 (4.11)
Te
where P, is the capillary pressure, P9 the pressure in the gas phase, P! the pressure
in the liquid phase (wetting phase), and o is the interfacial tension, which for this
work was calculated using the Sugden and Macleod model, commonly known as the

parachor method.
4
lez( zip = yip )] (4.12)

where x; are the parachor constants, p! and p9 are the molar densities in (mol/cm?),

and o is the interfacial tension in (dyne/cm3).

The adsorbed phase is always present in the system regardless of the number of
bulk phases (i.e. liquid and gas). Physically, this phase is dependent on the other
phases. For the scope of this study, the adsorbed phase exists as long as there is a
bulk phase present. Consequently, the adsorbed amount is modeled as a function of

the fugacity of one of the phases of the bulk phase (f%). We can therefore write:

Fe:):c = \I](fb) (413)

where T, is the surface excess (nq../A) and it represents the amount in excess to
the bulk, and ¥ represents the model used for the adsorbed phase. For this work it
refers to ML. The input fugacity in I'.,. can be either the gas or liquid fugacity if

both phases are present in the system.

4.3.1. Methodology

In principle, the system can be solved with a nested robust isothermal flash up-
dating the adsorbed amounts in an outer loop. However, we found that it is more
convenient and efficient to couple adsorption calculations with the bulk equilibrium
calculations. The developed algorithm follows the methodology used for the two-
phase flash algorithm by Michelsen [41] with various adjustments to account for the
capillary pressure difference and the composition changes in the bulk phase due to
adsorption. The bulk phases were modeled with the Peng-Robinson (PR) equation
of state, and the adsorbed phase was modeled using the Multicomponent-Langmuir
(ML).
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Direct Substitution

The Wilson equilibrium factors were employed as a starting point with the gas or

liquid pressure as the desired input.

InK;=In Z? +5.737(1+wi)( j;cj) (4.14)

where 7., P., and w; are the critical temperature, critical pressure and acentric
factor for component i. The calculation is followed by solving the Rachford-Rice
equation iteratively with the corresponding update of the fugacity coefficients, cap-
illary pressure and total bulk composition changes at each step. The Rachford-Rice

can be written as follows:

K;-1
9(8) = Z ol (4.15)

where £ is the relative vapor fraction in the bulk phase, zP is the total composition
of the bulk phase, and K; are the equilibrium factors. The relative vapor fraction
[ is not the equivalent to the absolute fraction 69, both are related through the

following equation:
Q9
p= 69 + 0!

Updates of capillary pressure P,, bulk composition z;, and equilibrium factors K; at

(4.16)

each solution of (Eq. 4.15) are required. The capillary pressure is computed using

(Eq. 4.11) and the update of the phase pressures is done.
PI=P'+P, or P'=PI-P, (4.17)

where P9 is updated if the pressure of the liquid is the input pressure, and P! if the
pressure of the gas is the input. It can be noted that at high values of P, and small
values of P, the update in the liquid pressure can be negative. Therefore, throughout
the calculation, it is always recommended to use the product of the pressure and
fugacity coeflicient (i.e. F® = P%¢), instead of the fugacity coeflicients ¢ alone.

After the capillary pressure update, the K; values are updated as follows:

F{(T, P',x)

K=t %)
F/(T,PI,y)

(4.18)

The last variable to be updated is the total bulk composition. The total composition

in the bulk phase will change at each step since some components will be adsorbed to
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the surface. By subtracting the components of the adsorbed phase from the overall
feed composition we get: ;
2! = 0w,

2P = g (4.19)
where zy, is the overall bulk composition (i.e. the liquid and gas phase together).
The composition of the adsorbed phase is obtained from (Eq. 4.13) using the liquid
fugacity, gas fugacity, or an average of both. This is allowed during intermediate
calculations since at the solution both the liquid and gas phases will have the same
fugacity. The absolute molar fractions x2P$ can be obtained straightforward with

the ML model

aos max bZ(T)fZ aos ngbs
nabs = pmas (T o S 2abs = R (4.20)
i
L+ b;(T) f
j=1

However, to obtain the composition w in the excess adsorbed phase we have to make

the correction for the excess amounts.

n?wc
ngre = ndbs — Zbpbyads o gy = L (4.21)
Z _pexe
i

where V% is obtained by fitting the excess adsorption data of pure components
with MPTA (z = V) or (Eq. 3.2) in Chapter 4, and p® is the overall density in

the bulk phase
b ].

T BVE+ (1-B)VL

where V! and Vj, are the molar volumes of the liquid and gas phase respectively.

) (4.22)

The molar fraction of the excess adsorption phase 6¢ in (Eq. 4.19) is not determined
yet. As will be shown below, it can be expressed using relationships between the
phase molar densities or volumes, and the geometry of the system. Since our calcu-
lation is done at constant pressure, the volume is allowed to change, but the ratio
of the surface area to the void volume is assumed to remain constant. We can make
use of the geometrical properties of the system to rewrite the surface area, and the

volume of the system as follows:

nemc

- Texc ’

V =n'V,, (4.23)

where I'**¢ is the surface excess (excess adsorbed moles per unit area) ; V, is the

molar volume of the bulk, n? are the moles in the bulk phase, and n¢*¢ the moles in
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the excess phase (n” = n®* + n). The molar volume of bulk refers to the average

molar volume of the liquid and gas phases
Vi = BV + (1= B)V,, (4.24)

where [ is the relative vapor fraction in (Eq. 4.16). Moreover, (Eq. 4.23) and
(Eq. 4.24) can be used to express the geometric factor of the porous system G = A/V

as follows:
~ nexc/reacc Qa

TT Y, (1 - ga)Deet,,

(4.25)

The geometric factor is constant for a specific porous system. For a cylinder is %

Solving for the excess adsorbed fraction we obtain

G Ve
0e = f

- fm (4.26)
1+ GV, Dewe

With (Eq. 4.26), the update in (Eq. 4.19) is completed. It is worthwhile to notice
that the surface amount of component ¢ in the excess adsorbed phase I'{*¢ can be
negative in cases where there is a higher concentration of one component in the bulk
phase than in the excess adsorbed phase

exc
(2

ngee = ndds — 2P pPV s < (4.27)
This shows that the excess adsorbed phase is merely an hypothetical concept instead
of a separate physical entity. The mole fractions in this hypothetical phase fulfill the
mass balance equations and are not directly used to calculate other thermodynamic

properties. Therefore it is not a problem for them to be negative.

In summary, an iterative procedure solving the Rachford-Rice equation using direct
substitution in the equilibrium factors K; (Eq. 4.18), capillary pressure P, (Eq. 4.17),
and bulk concentration zy (Eq. 4.19) can be performed until reaching a desired

tolerance or number of iterations.

Quadratic Update on Vapor Flows

The procedure can be accelerated using a second order method in the phase split
of the bulk phases while updating P, and zp, in an outer loop. This procedure is

especially useful when we are close to the critical point. The equilibrium equations
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of the gas and liquid phases can be written as a function of the vapor flows

gi(v) =In f ~In f{ = 0 (4.28)

By using the mass balance for the bulk phase we can write the liquid flows as a
function of the overall bulk phase and vapor flows, [; = 2> — v;. The vapor flows are
selected as independent variables, and we can thus write the Jacobian matrix for

the system in (Eq. ??7) as follows

1 2b
o= s 1+ (1=-0)DY + P 4.2
J, 9(1_9)(W o1+ (1-6)8Y, + ) (4.20)
where 5
N In p;

For details in the derivation, the reader is referred to Michelsen and Mollerup[41].

The update in the vapor flows can be obtained by solving the following system

JAv+g=0 (4.31)

The system was solved using Hebden’s algorithm[45], which is very convenient in
cases near the critical point where the determinant of the Jacobian is close to zero.
This method secures the step sizes where the Newton method overshoots to unde-
sired points. Even though the bulk composition z;, changes at each step, this update
looks for a decrease of the Gibbs energy of the bulk phase. It is important to use
the second order method with high-quality initial estimates in order to have local
convergence. The linear convergence on zy, can be accelerated by using the dominant
eigenvalue method every 4-5 steps. It is recommended to perform some cycles of

successive substitution before switching to the quadratic update in the vapor flows.

If at some point during the calculation, the vapor phase converges to zero, stability
analysis including capillary pressure, suggested by Sherafati et al. [15], is performed

to confirm the solution.
In summary, the solution procedure is as follows:

i Initialize with Wilson’s equilibrium constants for the bulk phases. (Eq. 4.14)
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i

iii

iv

Perform 5 cycles of accelerated successive substitution. (Eq. 4.15), (Eq. 4.17),
(Eq. 4.18), and (Eq. 4.19). Confirm that step on zy is sufficiently small to

ensure mass balance before switching to second order update.

Continue with the second order method for the bulk phase vapor flows while
updating by means of successive substitution the capillary pressure and bulk

compositions in the outer loop. (Eq. 4.31)

If one of the bulk phases disappears at any point during steps ii) or iii) continue
with the phase split of single bulk phase and adsorbed phase. Check the final
solution with stability analysis. If stable terminate, otherwise return to step

ii.
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4.4, Results

The suggested procedure given Section 4.3.1 is able to handle the tested systems
described in Table 4.7. The component EoS parameters and parachor constants are

presented in Table 4.8, and the adsorption parameters in Table 4.9.

Alkane  Binary  Ternary Low GOR High GOR

Cy 0.50 0.42 0.7000 0.8997
Cy 0.50 : - :

C, _ 0.33 0.1200 0.0300
Cs _ _ 0.0700 0.0297
Cuo _ 0.25 - ;

Cis - - 0.0599 0.0232
Cus : . 0.0501 0.0174

TABLE 4.7.: Molar composition of the systems.

Alkane Teorit P i w Parachor  k;;(ci/cy)
C 190.6 45.99 0.0115 74.05 -

Cq 305.3 48.72  0.0995 112.91 -0.0026
Cy 425.1 37.96  0.2002 193.90 0.0168
Cs 568.7 24.90  0.3996 399.33 0.0451
Cio 617.7 21.10 0.4923 440.69 0.0422
Cia 658.0 18.20 0.5764 522.26 0.0500
Cig 723.0 14.00 0.7174 688.50 0.0561

TABLE 4.8.: EoS component parameters and parachor constants.

TABLE 4.9.: Correlation constants for temperature dependent Langmuir pa-

rameters.

Alkane %(K) InA *|m (";LKOZ) & (%"l) Kk
C -1115.9 -7.48 -2.66-10~4 0.3985
Cy -1947.9 -8.13 -2.13-104 0.2931
Cy -2758.5 -7.91 -1.09-10~* 0.1769
Cs -3989.1 -6.44 -3.32:10°5 0.0818
Cyo -4502.1 -6.11 -2.24.10°5 0.0637
Cya -5871.2 -8.00 -1.14-10-5 0.0496
Cis -6189.2 -5.68 -5.41-10°6 0.0341
*lnbizlnAi—(E}%i)%, T = mT + ¢

The Peng-Robinson EoS was used to model the bulk phase, but the calculations can

be performed with any other EoS. It is worthwhile to mention that the Langmuir
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isotherm fitting for pure components was performed also using Peng-Robinson EoS
in order to have consistency when evaluating the fugacity term. A cylinder geometry
with a capillary radius (r.) of 10 nm was assumed for all the calculations. Never-
theless, the considered framework can be applied to any geometry. For instance, for
a shale rock sample, the specific surface area and porosity are required. For such
case, the capillary pressure model is suggested to be a function of the saturation
because the complicated pore geometry and pore distribution cannot be expressed

by the Young-Laplace equation with an average pore radius.

The algorithm was tested in a fine grid of 500 x 500 for each system and the plots
are shown from Figure 4.7 to Figure 4.17. The average combined iterations of
successive substitution and Newton steps to reach convergence are from 9 to 15
depending on the system. The algorithm shows to be robust, and most of the time
linearly convergent. The limitations on fast convergence are the linear updates in P,
and zy,, especially the latter. The convergence was improved by using the dominant

eigenvalue method for acceleration on zy,.

Figure 4.5 shows the convergence of a point in the liquid zone; after two iterations the
gas phase disappears and then every four steps an acceleration on the composition is
performed. On the other hand, Figure 4.6 shows a more difficult case of convergence
behavior close to the bubble point; after four iterations the gas phase disappears
and convergence is reached in the ninth iteration. Subsequently, stability analysis[15]
considering capillary pressure is performed, where the gas phase is again introduced
and iteration is continued by (Eq. 4.31) and accelerated linear updates in the z,

and P.. Finally, convergence is reached around the 14th iteration.

4.4.1. Binary System

The first system tested was an equimolar binary mixture of methane and ethane.
The mixture of these two components is usually of great importance in shale gas
reservoirs. However, the temperatures of two-phase coexistence are extremely low in
comparison with the real reservoir conditions. Nevertheless, an example of a binary
mixture provides a simple and useful analysis of the main characteristics of the bulk-
adsorbed phase split. The results from Figure 4.7 to Figure 4.9. Figure 4.7 shows
the main differences of the phase envelope with and without capillary pressure and
adsorption. The phase envelope shows to be considerably smaller and shifted. As
shown in previous studies, the capillary pressure has an effect on the whole phase

envelope except in the critical point. The bubble point pressures and lower dew
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FI1GURE 4.5.: Convergence for C;-Cy binary system in the single phase region at
(240 K,70 bar). Acceleration of z, after each 4 steps. Tolerance
limit (- -); Vanishing of the gas phase (--).
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FIGURE 4.6.: Convergence for C1-Cy binary system near to the bubble point,
(T=240 K, P; 53.9 bar). Acceleration of z, after each 4 steps.
Tolerance limit (- -); Vanishing/appearance of the gas phase (---).

point pressures are decreased, and the upper dew point pressures increased. On the

other hand, the effect of the adsorbed phase is less obvious. The differences in the
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phase envelope are due to compositional changes in the bulk phase. In other words,
each point in the phase diagram has the same overall feed composition z¢, but the

bulk composition zy, is different (see Eq.4.8).

Figure 4.8 shows the change of C, molar composition in the bulk phase with respect
to the feed phase. It is possible to observe that in the liquid region at low temper-
atures, the composition of the bulk phase changes very little and the change in the
phase envelope in this region is mainly caused by capillary effects. In contrast, at
very low pressures of the gas region, one can expect excess adsorbed phase fractions
up to 0.8 (Figure 4.7), due to big differences between the bulk phase and adsorbed
phase molar densities. Furthermore, the composition change is more dramatic and
C; molar fraction in the bulk phase can get as high as 90% creating a significantly
lighter bulk phase.

Figure 4.9 shows the adsorbed phase fraction of the system plotted against the
pressure of the liquid phase (7)), and the pressure of the gas phase (P,;). The aim of
this is to show the bubble point and the dew point boundaries plotted against the
respective feed pressures. P; for the bubble point branch, and P, for the dew point
branch. Notice that both graphs are not identical, the plotting against P, in Figure
4.9a is smoother in the dew point branch than Figure 4.9b. This is because the feed
phase pressure does not have a discontinuity when the incipient pressure appears,

unlike the P, plot at the dew point.

Moreover, for the bubble point boundary at low temperatures, the excess adsorbed
phase fraction and the change in the bulk composition is close to zero, meaning that
the bulk phase and the absolute adsorbed phase are almost identical. If we decrease
the pressure at a constant temperature, when the bubble point pressure is crossed,
rapid changes in the composition and phase fractions occur as shown in Figure 4.8
and 4.9. As soon as the gas phase appears, C; is released from the adsorbed phase
to the bulk phase more rapidly than Cy creating a lighter phase in the bulk space.
Therefore, the two-phase region shrinks and the dew point is encountered at higher

pressures as seen in Figure 4.7.

Another interesting region is close to the critical point. We considered that, the
critical point still has the same definition, i.e. no difference between the coexisting
gas and liquid phases. Moreover, we assume here that adsorption will hold close to
the critical point and its thermodynamic properties will solely rely on the calculated
isotherms as functions of the bulk fugacities. If we increase the temperature along

the bubble point boundary towards the critical point, we can observe that the excess
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adsorbed phase fraction increases and so does the composition of C; in the bulk
phase. Due to the selective adsorption and resulting change in the bulk phase

composition, the critical point of the bulk phase has shifted.

In summary, we observe changes in all the PT phase envelope due to adsorption,
and additional changes in the two-phase region and vicinity of the phase boundary
due to a capillary pressure difference. In general, adsorption selectivity towards Cs
is observed everywhere. It is moderate at high pressures and low temperatures, but
increases as the pressure is lowered and temperature increased. Excess amounts in

the liquid region are small, close to zero, however in the gas region at low pressures

can be as large as 80%.

80 - : - : : 80 - - : ' : 1.0

08

_ 0.6
3

= 04

0.2

: : : : : : : : : : 0.0

230 240 250 260 270 230 240 250 260 270
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FIGURE 4.7.: C1-Cq binary system. [Left] Normal phase envelope in red; with
capillary pressure and adsorption in yellow. [Right] Phase enve-
lope with relative vapor fractions. Dashed line (- - -) represent
the pressure in the gas phase.
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FIGURE 4.8.: C1-Cy binary system. [Left] Change of the Cy molar fraction in
bulk phase zy,. [Right] Co molar fraction in the absolute adsorbed
phase x2Ps.
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FIGURE 4.9.: Excess adsorbed phase fraction () for C;-Cy binary system. Con-
tinuous line (—) represents the feed phase pressure, dashed line
(- - -) represent the incipient phase pressure.



90 4. Phase Equilibrium Involving Both Capillary Pressure and Adsorption

4.4.2. Ternary System

The algorithm was also tested with a ternary mixture (C;-C4-Cyg) presented on
Table 4.7. The mixture was constructed in a way to represent a light, intermediate
and heavy fraction of an oil mixture while keeping a moderate simplicity to analyze
the changes of each fraction. Similar to the binary system, the algorithm shows to
be convergent and no particular difficulties were encountered. Figure 4.10 shows the
change of the phase envelope and excess adsorbed phase fraction at different T and
P. Figure 4.11 shows the change in composition of Cjj in the bulk phase and the

absolute composition in the adsorbed phase.

A shrink of the phase envelope due to capillary pressure and compositional changes
is observed. This behavior is consistent with the phase envelope shrink in the binary
system presented before. The excess adsorbed phase fraction in the liquid region is
close to zero, and appears to be less sensitive to changes in the pressure and the
temperature as shown in Figure 4.10. Nevertheless, the composition of decane in the
adsorbed phase shows to be sensitive to pressure and temperature changes in the
liquid region. Therefore, in spite of the apparent zero value of the excess fraction in
the liquid region, the individual contributions n{* are the ones responsible of the
compositional changes in the bulk phase. Thus, affecting the shape of the phase

envelope at higher temperatures.

If we considered a constant temperature and start decreasing the pressure, as soon as
the mixture enters the two-phase zone compositional changes become more sensitive
to changes as can be seen in Figure 4.11. In order to illustrate this changes, a
fixed reservoir temperature of 400K was selected and the bulk phase compositions

x;‘ds /zbi

and adsorption selectivities (Si,j = ) were plotted against the pressure and

zads; [z,
are shown in Figure 4.12 and Figure i/lg respectively. It can be seen that liquid
phase gets enriched with lighter components due to higher adsorption selectivity
towards decane. As the pressure is decreased, the adsorption selectivity towards
heavier components is enhanced, reaching several thousand at very low pressures.
Furthermore, the composition profile of the bulk phase shows important changes
when the two-phase zone is entered, and the change becomes larger as the pressure
is decreased. The bulk phase gets richer in lighter components as the pressure is
decreased, reaching compositions of C; greater than 0.9 at very low pressures. This
suggests that, in a depletion production scenario, the heavier components become
harder to recover as the pressure of the reservoir decreases. Staying in the adsorbed

phase, making it practically impossible to recover them at low pressures.
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FIGURE 4.10.: Ternary system. [Left] Normal phase envelope in red; with capil-
lary pressure and adsorption in yellow. [Right] Excess adsorbed
phase fraction (f) plotted against the liquid phase pressure.
Dashed line (- - -) represents the gas phase pressure.
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FIGURE 4.12.: Composition profile of the bulk phase (zp) as a function of the
pressure (F;) at T'=400 K and T =450 K respectively.
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FIGURE 4.13.: Adsorption selectivity with respect to C; as a function of the
pressure (F;) at T'=400 K and T =450 K respectively.
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4.4.3. Low-GOR and High-GOR Systems

Two more complex systems that mimic real reservoir fluids are tested. The low-GOR
system (lower methane content) represents a heavy oil system and the high-GOR
system represents a gas condensate system (7. = 318.5 K'). The critical temperature
of the high-GOR system is T, = 515.0 K, and for the low-GOR system is T, =
318.5 K. The comparison of both are shown in Figure 4.14 to Figure 4.17. Once
again it can be seen that the two-phase zone shrinks and shifts in the same way as the
binary and ternary system. However, some differences are observed in the high-GOR
system. The shift in the upper dew point region is more pronounced in comparison
to the other systems. For instance, if we set a reservoir temperature of 350 K,
unlike the other systems the two-phase zone will be reached several bars later than
expected. This shows the importance of the compositional changes caused by the
adsorbed components. In general, it can be seen that the two-phase zone shrinks
when adsorption is considered. However, it is not completely clear whether the
saturation point will increase or decrease as it is known with the capillary pressure
effect alone. With the considered EoS and adsorption models we can observe that
adsorption of heavier alkanes is strongly preferred in the gas phase. On the other
hand, moderate preference is observed in the liquid region. Hence, having regions in
which the composition of the liquid and adsorbed phase are very close to each other
as shown in Figure 4.18 and Figure 4.19. This means that there are temperature
regions in which the adsorbed phase will not have an obvious effect until the two-
phase region is reached. However, this assumption could be dangerous outside this
region, where the changes in bulk composition due to adsorption are enhanced as
seen in Figure 4.17 for the low-GOR system. In general, it should be noted that the
role of the adsorbed phase will become more relevant when it changes from the liquid
phase zone to a two-phase zone due to the appearance of a gas phase. Therefore, it
is recommended not to disregard its effect when the phase equilibrium of a confined

system is being evaluated.



94 4. Phase Equilibrium Involving Both Capillary Pressure and Adsorption

500 : ; : : 500
450 t 1 450
400 1 400
350 f 1 350 |
_.300f 1 300
2 3
£ 250 | 1 £ 250 |
=~ 200 f 1 = 200 f
150 | 1 150 |
100 | 1 100 |
50 =t 1 50 t
300 400 500 600 300 400 500 600
T (K) T (K)

FIGURE 4.14.: Normal phase envelope in red; with capillary pressure and ad-
sorption in yellow. [Left] Low-GOR. [Right] High-GOR.
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FIGURE 4.15.: Excess adsorbed phase fraction (f) plotted against the liquid
phase pressure. Dashed line (- - -) represents the gas phase
pressure. [Left] Low-GOR. [Right] High-GOR.
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FIGURE 4.16.: Ci6 molar fraction change in bulk phase zy. [Left] Low-GOR,
reference feed (zc,, = 0.501). [Right] High-GOR, reference feed

(20,4 = 0.0174).
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FIGURE 4.17.: Cj molar fraction in the absolute adsorbed phase x2PS. [Left]
Low-GOR. [Right] High-GOR.
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FIGURE 4.18.: Composition profile of the bulk phase (zp) as a function of the
pressure (P;). [Left] Low-GOR at T' = 400 K. [Right] High-GOR
at T'=350 K.
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FIGURE 4.19.: Adsorption selectivity with respect to C; as a function of the
pressure (P;). [Left] Low-GOR at T' = 400 K. [Right] High-GOR
at T =300 K.
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4.4.4. Discussion on Perceived Phase Envelope Changes

We have made two different discussions on the change of the phase envelope under
adsorption and capillary effects in Section 4.1 and Section 4.3, respectively, in this
chapter. In Section 4.1, the bulk phase composition is assumed constant in the
comparison of the phase envelopes; in Section 4.3, the overall composition of all the
substance, including the adsorbed phase, is assumed constant. Both comparisons
are valid under their specific assumptions but we also need to point out that the
phase equilibrium change often discussed in the oil production context can be dif-
ferent from what we discussed earlier. The reason is that during oil production,
the comparison is made between the phase envelope estimated using the sampled
fluid composition and the actual observed phase envelope/phase change in the field
which is determined by all the in-situ composition (If the flowing effects and non-
equilibrium effects are neglected for the simplicity of discussion.) If we assume that
both capillary effects and adsorption play a role and the sampling happens in an
undersaturated reservoir, it is the bulk phase composition will be used for the phase
envelope perceived by the engineering using a conventional PVT software (without
adsorption and capillary effects.) For the in-situ phase change, the analysis should
use the overall composition for all the substance in the pore space, including the
adsorbed phase. The algorithm described in section 4.3 should be used to simulate
what is going to happen in the reservoir. We note that the two-phase envelopes
are calculated based on different compositions. But this analysis better reflects the

perceived phase envelope change in the field.

We provide a preliminary analysis of the perceived phase envelope change here. We
select an arbitrary reservoir temperature of 400 K and 500 bar for both the low GOR
and high GOR system. The equilibrium (physical) bulk phase composition is used as
the reservoir sample composition perceived by the reservoir engineer. We calculate
its phase envelope without capillary pressure and adsorption (red), and compare
the results with the phase envelope using the sampling composition (yellow) and
the in-situ correction (orange), using adsorption and capillary effects. The phase

envelopes are shown in Figure 4.20 and Figure 4.21.

The estimation of the in-situ composition can be done in one step since we know the
composition of the bulk phase (zP = reservoir sample composition). The composition
of the adsorbed phase is calculated using (Eq. 4.21), and the excess fraction with
(Eq. 4.26). Moreover, we can get zf using the mass balance in (Eq. 4.19). The

results for the modified compositions are presented in Table 4.10
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TABLE 4.10.: Molar composition with and without in-situ correction.
Alkane low-GOR low-GOR* high-GOR high-GOR*

Cq 0.7000 0.6807 0.8997 0.8808
Cy 0.1200 0.1169 0.0300 0.0294
Cs 0.0700 0.0698 0.0297 0.0297
Ci2 0.0599 0.0634 0.0232 0.0256
Cie 0.0501 0.0692 0.0174 0.0344

* After in situ approximation

Notice that the composition of the lighter components has reduced, and the one of
the heavier components has increased. If we calculate the phase envelope of the new
mixtures, we obtain closer phase envelopes to the perceived phase envelope for both
systems as shown in 4.21. It can be seen that the saturation point at 400 K for
the high-GOR system has increased, and the phase envelope is larger in comparison
to the one calculated without applying the correction for the in-situ composition.
Moreover, the low-GOR system phase envelope is enlarged to higher temperatures,
in comparison to the phase envelope where the in-situ correction is not applied. On
the other hand, Figure 4.22 shows that the composition in the single phase region
2 is matched to the perceived composition of the reservoir fluid sample. Moreover
it is maintained almost unchanged until the two-phase zone is crossed. Suggesting
that the perceived composition might explain the behavior of the reservoir fluid at
the beginning of the production, however, deviations may occur as the pressure of

the reservoir is lowered.

It should be noted that sampling from shale reservoirs is still an unresolved issue and
usually the sampled fluid may not even represent the bulk phase composition. The
above discussion is therefore preliminary. It would be better to perform reservoir
simulation to generate the perceived reservoir fluid composition and discuss the

phase envelope change.
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FIGURE 4.20.: Phase envelope comparison for the low-GOR system with and
without the in-situ correction. Phase envelope using z® without
capillary and adsorption effects in red.
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FIGURE 4.21.: Phase envelope comparison for the high-GOR system with and
without the in-situ correction. Phase envelope using z° without
capillary and adsorption effects in red.
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4.5. Conclusions

In this chapter, the combined effects of capillarity and adsorption were investigated.
A modification to include the thickness of the adsorption film in the phase enve-
lope construction is presented. Moreover, a flash algorithm including both capillary
pressure and adsorption was developed by alternatingly update the adsorbed phase
amount and the phase fugacities in the bulk phases. Furthermore, MPTA was em-
ployed as a tool to generate artificial adsorption data at different temperatures for
longer hydrocarbons in order to determine the parameters for less theoretical mod-
els such as ML, making it possible to investigate the influence of adsorption and

compositional changes due to selective adsorption for different systems.

For the adsorption film, an enhancement of the capillary pressure effect due to a
reduction of the effective capillary radius was observed. The phase envelope shows
that the thickness of the adsorption film becomes relevant far away from the critical
point where the interfacial tension and capillary pressure are more pronounced. Near
the critical point, the thickness of the adsorption film has a low impact due to the
extremely low interfacial tension, showing a negligible impact on the change in phase

boundary.

The flash algorithm with capillary pressure and adsorption was used to analyze some
representative systems (from binary, ternary to low GOR and high GOR model
systems) for the phase equilibrium inside confined spaces. The results show that
adsorption and capillary pressure can significantly change the bulk phase composi-
tion and thus its corresponding phase envelope. Since the adsorption is different at
different temperature and pressure conditions, the extent of change is different. In
general, a much shrunk phase envelope with shifted critical point is observed. The
adsorption effects are stronger for the gas phase, leading to bigger changes in the gas
phase composition and the shift of the dew point curve. The adsorption of heavier
components is strongly preferred in the low pressure and high temperature region,
while at the high pressure and low temperature region this preference is from low

to moderate.
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CHAPTER 5

Compositional Reservoir Simulation

with Capillary Pressure

The impact of capillary pressure on phase behavior has been presented in previous
chapters. The deviation from conventional phase behavior shows to be substantial
for systems confined in the nanometer scale. These observations suggest that the
oil and gas production from tight reservoirs, with pore sizes comparable to those
relevant, will deviate from the conventional production scenario. To study such

differences, it is necessary to use advanced tools such as reservoir simulations.

The integration of the capillary pressure effect in phase equilibrium into a reser-
voir simulator is not entirely trivial. From the black oil simulation perspective, the
standard PVT input tables can be generated using modified phase equilibrium cal-
culations that account for capillary pressure effects. The resulting modified tables
can be used directly for the simulation. This approach has been used by several
authors [18, 19, 72]. Nevertheless, the black oil simulation framework has its own
limitations when the capillary pressure of the system is sensitive to compositional

changes. In such cases, compositional simulators are preferred.

Compositional simulations give a better description of the underlying phase behavior
and are more flexible to test more complex fluids and scenarios. They have been
used to study production from shale and tight reservoirs by several authors [73—
76]. The reported results show deviations from the conventional case, depending on
the use of the capillary pressure and interfacial tension models. The inclusion of

capillary pressure effect in phase behavior for such simulations requires additional
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efforts in comparison to the black oil simulation case. A previous knowledge of the
mathematical and numerical framework of the simulator is required, unlike the black
oil case where only the input needs to be altered. Moreover, these modifications
will depend on the implicit level of the numerical model of the simulator, with an

increasing complexity as the level of implicitness increases.

In general, the standard thermodynamic routines should be modified to allow han-
dling cases where the liquid pressure becomes negative as a result of the high cap-
illary pressures. Additionally, the flash and stability analysis routines involving
capillary pressure need an efficient implementation to maintain the safety and speed
needed during simulation. Moreover, for the linear solver, the derivatives of the
selected pressure models must be obtained and implemented in a consistent way to
avoid differences between the capillary pressure model used for phase equilibrium,

and the capillary pressure used model for the flow equations.

In this chapter, we discuss the implementation of the capillary pressure effect in
phase behavior for the compositional reservoir simulator COSI. Furthermore, we
describe the mathematical and numerical framework that COSI uses, and the key
modifications made to account for capillarity in phase equilibrium. These added
features allowed us to test a natural depletion case of a tight reservoir at various
conditions with different capillary pressure models. The case of study consists of a
two-dimensional reservoir with ten planar fractures using local grid refinement to
capture the fracture-matrix flow exchange. Capillary pressure models using fixed
and variable pore sizes were used to study the effect in the production. In gen-
eral, considerable deviations in the cumulative oil production, producing gas oil
ratio, pressure profiles, and saturation profiles were observed for cases with effec-
tive capillary radii less than 20 nm. The obtained results are preliminary, and a
more extensive analysis using more complex production scenarios should be made
in the future. Nevertheless, they serve as a guide to analyze the key differences in
oil production from unconventional reservoirs considering capillary pressure effect

into phase equilibrium.
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5.1. Compositional Reservoir Simulator (COSI)

COSI is an isothermal compositional reservoir simulator that can be used to study
a variety of oil and gas production scenarios from conventional depletion and wa-
ter flooding problems to more complex EOR injection cases. It can handle three-
dimensional flow in porous media with an arbitrary number of phases and compo-
nents. Moreover, it can handle two porous media which can communicate through
exchange functions. The mass conservation equations together with the phase satu-
ration equations are used as the primary set of equations in which the fluid flow in
porous media is solved. Its numerical formulation relies on an Integral Finite Dif-
ference (IFD) method to maintain user flexibility in the construction of the grids.
The solution of the volume discretized equations is solved using a Fully Implicit
Method (FIM) with the oil pressure and the total mass flows as the set of primary
variables. Furthermore, the phase equilibrium calculations are treated using either
Peng-Robinson or SRK EoS. A general description, summarized from its manual
(COSI-Formulations and Basic Algorithms, v1.0), is presented in the following sub-

sections.

5.1.1. Mathematical Model

The formulation given in this section corresponds to a multiple porous media N,,,
containing NV, flowing phases conformed by N, components. It is based upon the

mass conservation equations of a multiphase flow system inside porous media.

%ld)’" > (psci)jm] W'lz (bC') = 6u X (S (D90, |=di i 1)

J J

where ¢ is the porosity, p the density, S the saturation, C' the mass concentration,
D the diffusion tensor, u the velocity, and ¢}, is the production/injection term, ¢, .

the interchange flow rate between two rock media.
Gon = =012 ), Ty (P = Ps—n) (5.2)
J

where T;m is the source term for the rock media interchange

4 kpC"
T = Koo () (5.3)
12
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Moreover, throughout the chapter, the subscripts {4, 7, m} will be used to refer to a

component, phase, and rock media respectively. They are defined as follows:

1=1,...,N, (5.4
J=1 Ny (5.5
m=1,...,Np, (5.6)

Flow in porous media obeys Darcy’s law, and it is used to obtain the velocity vector

u for each phase inside the different porous media.

Kk},
Wjpm = _l (ijm + g,oijH) (57)

Jm
where K is the rock permeability, k£ the relative permeability, p the viscosity of
the fluid, ¢ the gravity, and H the column height. In total there are N.- N,, of
mass conservation equations. In order to solve them, additional constraints and

relationships are needed.

Constraints

Each porous media has to be filled by the contained fluids, therefore the phase

saturations and mass/mole concentrations must sum to unity.

> Sim=1 (5.8)

J
> Ch =1 (5.9)

Additionally, an arbitrary equilibrium reference phase, j,.r(m) is selected for each

porous media and phase pressures are calculated through capillary pressure relations

(P;j=P)y = Pejm, with j# jp(m) (5.10)

For the compositional case, an additional constraint based on the thermodynamic

equilibrium of the system should be used. The local thermodynamic equilibrium is a
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generally accepted assumption in reservoir simulation [77]. Therefore, an equilibrium

constraint based on equality of fugacities can be employed

;m: ;Jrl,m (511)
An equation of state is used to obtain the fugacities and physical properties of
each phase. In principle, the equilibrium calculations are performed at the reference

pressure P; . for all the phases. However, in order to consider the capillary pressure

Jref
effect in the phase equilibrium, (Eq. 5.11) should be coupled with the previous
capillary pressure constraints (Eq. 5.10). The implementation procedure to account

for such effect in COSI is presented later in this chapter in section 5.2.

5.1.2. Numerical Model

To solve the set of PDEs for the mass conservation equations, a numerical method
must be selected. It is of common choice to use a finite difference scheme due to
its flexibility in grid construction. COSI uses the integral finite difference method
(IFD). The method was first used by MacNeal [78] for solving second order boundary
problems and was first classified as an asymmetric finite difference network. The
method has demonstrated to be a powerful tool for solving heat transfer and fluid
flow in porous media. The central concept of IFD is to discretize the total flow
domain into conveniently small /N, sub-domains and evaluate the mass balance in
each element k [79].

k=1,...N, (5.12)

Let us call V}, and A;, the volume and surface area, respectively, of cell k. Integrating

the mass conservation equations (Eq. 5.1) over the volume of each cell we obtain:

@ i qv f Fi +Di dV:f i qv 5.13
G midv e [ 9@, D)= [ (a5, (513

where mi,, Fi = and Di have been introduced for convenience. They refer to the

specific mass, flux, and diffusion terms, respectively:
Ml = 6 (0 5+ ) (5.14)
J

F,, = > (pC" 1), (5.15)
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D}, = 6 ) (pS{D}VC")jm (5.16)

J
It is convenient to use surface integrals for the flux and diffusion terms since it is
easy to evaluate the flux entering and leaving each element through the polygon

faces of the discretized elements. Therefore, we make use of the divergence theorem

to convert the second term of the left-hand side to surface integrals as follows,

d

4 m;‘ndV+f Fin-ndA+f D:'n-ndA=f (q+4qs). dV (5.17)
dt Vk Ak Ak Vk

Physically the surface integrals are the summation of the fluxes over the surface
Ay and indicate the mass rate at which the mass accumulates in cell k. Both, the
volume integrals and surface integrals can be expressed as average quantities for

each cell £ as follows::

midvV = (Vmi,)" (5.18)
Vi
/A FindA =S (AF), (5.19)
K I
fA Di, ndA =Y (AD} ) (5.20)
z I
| (@ as)iav = (Vig+a)i), (521)
k
where [ is the neighboring cell of cell k. Each cell average variable is calculated as
follows:
i = %:(pciu)jmkl (5.22)
1 | Kk,
Ujmkl = o [ ]] [(Pr - Pl)jm + gA(pH)jmkl] (5.23)
kl i )k
[Vipimr + Vipjm] (Hy — Hi)
A(pH) iyt = 5.24
(p )J Kl Vk"'% ( )
qgmk = ~Q12k Z [TIZQ(Pm - P?)—m)]jk (525)
J
, kpC'
T = Kok ( - ) (5.26)
j12k

The discretization of (Eq. 5.1) is now complete. All the average cell and surface
values can be obtained from the initial boundary condition of the system. To solve

the system of equations over time, a time integration technique is required. The
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spatially discretized equations can be written in a compact form as follows:

d ) )
%(m:nkz) = Urk (5~27)
where |
:ﬁk =(q+ QS)ﬁnk - Vk ZAkl(F + D)ﬁmu (5.28)
]

Then using a discrete time step we can write

m Y _pin e Ay Dme = (5.29)

mk

where ¢! , is evaluated at time (n + 1) for a FIM. Other techniques to treat some
variables explicitly (time=n) can be used, as it is the case of Implicit Pressure
and Explicit Composition method (IMPEC). These methods have some advantages
since the system of linear equations to be solved is reduced. However, the stability
is affected leading to smaller time-steps during the integration. In general, the time
integration has to be done at least in a semi-implicit way to be able to solve the
equations. COSI has a fully implicit method formulation (FIM), therefore the time
integration in (Eq. 5.29) is employed. The system to be solved at each time step
can be written as follows

P(yp)"" =0 (5.30)

where yp, is the vector of the primary independent variables (choice dependent), and
W (y) is conformed by the set of equations in (Eq. 5.1) and (Eq. 5.8).

\IJi(n+1) — (mn+1 _mn):nk _ At¢l(n+l)

- mk1 mk =0 (531)
Wik = X5 Sk~ 1
This system is then solved using Newton’s method.
J" Ay, W =0 (5.32)

where J is the Jacobian matrix of the fully implicit system. Its construction strategy
will depend on the choice of primary variables. The time step must be kept under
certain conditions to maintain the stability of the solution while getting a specified

tolerance for the error. The adjustment is done as follows

n+l _ 6_T
At = Aty /Tn (5.33)
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where T is the truncation error, and e the specified tolerance.

5.1.3. Choice of Variables

The choice of variables is done in a way to allow modularity during the implementa-
tion. COSI is divided into two sets of variables, primary and secondary. In principle,
any choice of primary variables is allowed. For the case of COSI, the pressure P and

the mass flows m? are selected as primary variables,
Yo = (P (m%i=1,..,Ne))m (5.34)
the secondary variables are the mass concentrations C* and phase saturations Sj,

ysv:((civ izla"-aNc)as)jmk (535)

The primary dependent variables (y) are the ones used to solve the (FIM) system
in (Eq. 5.32). Therefore, the differentiation to obtain the Jacobian is done with

respect to the reference pressure Pj,.; and mass flows m/.

J

A 0w 0w (8ysv) (5.36)

de Oy p OYsv a}’p

where the implicit function theorem was used for the secondary (sv) variables. The
term in parentheses should be obtained using additional relationships. The primary
variables are used to determine the secondary variables using the equilibrium fu-
gacity equations (Eq. 5.11), the mass fraction constraints (Eq. 5.9) and the specific
mass equation (Eq. 5.14).

i(n+1) i i
Vg = gmk — Yi+lmk
i(n+l i i

J

using this set of equations and the implicit function theorem (i.e. yp = yp(ysv)) we

can determine,

Oysw (a‘lfsv)l Wy

5.38
ayP OYsv 0 Yp ( )
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Furthermore, the calculation of the contribution of the tertiary variables Oy /0yp
are obtained in the same manner, using relationships for the cell average variables,

cell boundary variables, and rock media interfaces variables:

Cell Average Variables

o The phase densities and its derivatives with respect the reference pressure and
mass flows are obtained from the selected Equation of State (EoS). In principle,
any EoS of state can be implemented due to the modularity of COSI. For this
study, Peng-Robinson EoS was employed.

e The viscosity is computed through correlations, in the default case, by the
compositional viscosity correlation proposed by Lorenz, Bray, and Clark (LBC)
[80].

o Porosity and rock compressibility values and its derivatives, are calculated
straightforward from ¢,, = ¢,,(P,,) and {K},, = {K(Py)}.

o Capillary pressure is obtained from phase saturation and interfacial tension by
interpolation in a table. Afterward, the phase pressures are updated using the
capillary pressure constraints in (Eq. 5.10). For the case of gas-oil pressure,
the interfacial tension is dependent on the phase pressures and mass flows.
For this study, the parachor model is used for computing o;; and obtaining

the respective derivatives.

Cell Boundary Variables

The boundary variables are defined from the cell average variables values. And
depending on the choice, the accuracy and stability will vary. The general approach
is to get a type of average value from the cells that share the boundary. The most
simple approach is to use the upstream cell average variable. This is called single-
point upstream weighting method. Single-point weighting leads to a numerically
stable finite-differences scheme if the mobilities are evaluated at the current time
step, and conditionally stable if evaluated at the previous time step [81]. Therefore,

using it for FIM is appropriate.
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5.2. Integration of Capillary Pressure Effect on Phase
Behavior in COSI

In the context of reservoir simulation, phase equilibrium calculations are generally
performed at the reference pressure P,.; for all the phases. After reaching equi-
librium, the capillary pressure values and derivatives are updated externally using
the phase densities and saturation. However, as shown in Chapter 2, the capillary
pressure between the oil and gas phase has an important effect on the phase equi-
librium. Therefore it is convenient to consider the capillary effect during phase split

calculations in relevant cases such as in production from tight reservoirs.

The central idea of integrating the capillary pressure effect in phase equilibrium into

a FIM reservoir simulation is to couple (Eq. 5.11) with (Eq. 5.10) as follows,
;ref(PjT€f7CJ'7”ef) = ij(P]’C]) (539>

This corresponds to the flash procedure described in Section 2.2 of Chapter 2. The
coupling of these constraints has to be done in a consistent way and additional
considerations have to be taken into account. The following sections describe such

changes and give some recommendations in its implementation.

5.2.1. Change of Variables in Thermodynamic Subroutines

In order to work with a capillary pressure difference in phase equilibrium, modifica-
tions in the standard thermodynamic routines are needed. By considering a capillary
pressure difference into the system, negative pressures can be encountered for the
liquid phase in cases where the gas pressure is selected as the reference pressure. A
suggested modification is the change of variable from the fugacity coefficients to its
multiplication with the phase pressure (p; - ¢;P). This avoids obtaining undefined

values when determining its logarithm as it is done in standard practice

y
RTn i = -2 (f (P—ﬂ)dv)—RTan (5.40)

adding (RT In P) in both sides of the equation yields

RTIn(p,P) :_ai (LV (P—g)dV)—RTln(g) (5.41)

i
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this allows us to compute the new variable at any pressure. The first term on the
right-hand side can always be calculated no matter the pressure is positive or not.
The second term always have the same sign for Z and P. Hence, its ratio is always
positive and the logarithm of the ratio can be calculated at any pressure. The overall
expression therefore has no problem even at negative liquid pressures. The necessary
derivatives of the new variable (F' = ¢;P) need to be determined. Fortunately, the

new derivatives can be easily related to the derivatives of the fugacity coefficient.

OlnF; Olny;

o7 - T (5.42)
OlnF; Olng; 1

oP _ ap | P (5:43)
Oln F; _ Oln p; (5.44)

871]' anj

The new set of variables is more advantageous for calculations that involve negative

pressures, and it is straightforward to implement into thermodynamic routines.

5.2.2. The Capillary Pressure Model

One important consideration when coupling the capillary pressure is to maintain
consistency between the chosen capillary pressure model for phase equilibrium and
the one chosen to update the phase pressure and derivatives for the flow equations.
For instance, it is not recommended to use a Young-Laplace equation at a constant
capillary radius for the phase equilibrium calculations together with a J-function
approach for the update of the phase pressures and derivatives for the mass conser-
vation equations. If a Young-Laplace model at a constant capillary radius is chosen,
the equivalent choice of J-function would be a constant. Therefore, the capillary
pressure and its derivatives will entirely depend on the interfacial tension. If a
J-function model is selected, the coupling with the phase equilibrium calculations
must be done accordingly. This may introduce additional difficulties in the flash

procedure. Such difficulties, will be discussed later in Section 5.3.2.

In order to account for the contribution of the capillary pressure in the Jacobian
matrix in (Eq. 5.36), the derivatives of the selected model must be obtained. The
derivatives of the capillary pressure with respect to the primary variables must be

calculated after obtaining the values from the phase split calculations. These will
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depend on the choice of capillary pressure model. Let us assume a somehow general

expression of the capillary pressure model as follows,

_ O'j(P, Pg,C,Cg)
R(S;)

P, (5.45)
where the subscript jref is dropped for the oil phase, and the 5 phase corresponds
to the gas phase for convenience. Moreover, it is assumed that the interfacial tension
is a function of the phase pressures and concentrations, and the effective curvature
is a function of the saturation (i.e. variable pore size). The derivatives with respect
to the primary variables can be written as follows:

8Pc- 1 80j Ocj 8R(Sj) aS]

_ _ 4
9P " R(S,) 0P RS, 05, oP (5.46)

8PC‘ _ 1 80']‘ B Ocj OR(S]) 8SJ (5 47>
omi  R(S;)om' RX(S;) 0S;, om '

where the second term on the right-hand side vanishes in cases where the pore
radius is assumed to be constant. Moreover, the phase pressure derivatives with
respect to the primary variables can be written as a function of the capillary pressure

derivatives.

or; . op,
op -t ap
oP; 0P,

omi  Om?

(5.48)

(5.49)

Furthermore, the capillary pressure difference is also a function of the secondary

dependent variables. The phase pressure derivatives can be related as follows,

8]3] 8ch (aO'j )
) = Z. (5.50)
aC: ~ 90, \0Ci )
oP; 0P,
59 - 33 (5.51)

We can further expand the required derivatives using a defined interfacial tension

model. The modification implemented in COSI corresponds to the parachor model

Nc
o =Y i(wip - yip?) (5.52)
i

where y; are the parachor constants, p is the molar density and x; and y; the molar
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fractions of the oil and gas phases respectively. We can recall some useful derivatives
of the parachor model with respect to the phase pressures and molar fractions from
Chapter 2

g%:_ Elzleé{;gg (5.53)
g%; - EEZ [ vi g—g] (5.54)
gg - _Eo'F [% ]: kxk:| (5.55)
ZZZ - EE[§ 7 N; kyk] (5.56)

The derivatives with respect the phase pressure can be directly used in (Eq. 5.46).
The last step is to relate these derivatives to the required ones with respect to the
remaining primary and secondary variables. The molar fraction derivatives can be

related to the concentration derivatives using the molecular weights

aajz % do, %z @ % (5.57)
aCi W) oy’ oC) Wi | Ozt ’

where T is the molar weight of component i, and W is the average molar weight of

the phase. Finally, these derivatives can be related to the total mass flows to obtain

the interfacial tension derivative.

_ 80']' 80,1
i 2 aC: om

(5.58)

The remaining derivatives of effective curvature R(S) can be obtained from the
choice of variable pore size model. For a constant pore radius, these derivatives are
going to vanish. However, if a function such as the Leverett J-function is chosen, the

effective curvature as a function of the phase saturation can be written as follows

R(S) = \fgz’ (5.59)
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the remaining derivative will depend on the selected J-function and can be obtained

straightforward

OR(S) J'(S)
=— VE 5.60
oS J2(S) /¢ ( )
With this last relationship, we have now all the necessary derivatives to evaluate
the terms in (Eq. 5.46) and (Eq. 5.47). The remaining relationships and derivatives

between the primary and secondary variables can be obtained using (Eq. 5.38).

5.3. Case of Study

A two-dimensional reservoir with a total of 10 planar fractures along a horizontal
well was selected to emulate a natural depletion of a tight reservoir using the com-
positional simulator COSI. Local grid refinement (LGR) was applied to accurately
model the fracture-matrix flow exchange. The dimensions used were similar to those
from Whitson and Sunjerga [44], and Lei et al. [82]. A schematic view of the grid is
presented in Figure 5.1. The grid dimensions are presented in Table 5.1 and Table
5.2. The grid along the fracture direction corresponds to half of the reservoir, being
the horizontal well the middle of the reservoir in y-direction. The grid along the well
(z-direction), corresponds to a fracture length and should be repeated periodically

to construct all ten fractures.

The initial temperature and pressure of the reservoir are 400 K and 300 bar re-
spectively. The porosity of the matrix is 0.04 and the one of the fractures is 0.25.
The conductivity of the fracture is 1000 (mD/ft), and the fracture half length is
45.72 m (150 ft). The wellbore diameter is 0.127 m (5 inch), and the operation
bottomhole pressure is 50 bar. The simulation is performed for a total of 30 years,

which corresponds to a similar production time used in Zhang et al. [19].

A fluid from the Bakken field was used for all the simulation scenarios. The descrip-
tion is given in Table 5.3 and was taken from Nojabaei et al. [32]. Peng-Robinson
EoS was used for the fluid description. Moreover, the LBC correlation was used to

calculate the viscosity of the gas and oil phases.

The oil-gas relative permeability curves were taken from Yu et al. [83]. They were
obtained by means of history matching with a field production well from the Middle

Bakken [84]. The curves are used for all the cases, and are presented in Figure 5.2.
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FIGURE 5.1.: Top view of the two-dimensional reservoir with 10 planar frac-
tures. x-length = 914.4m (3000 ft), y-length = 182.9m (600 ft),
z-thickness = 76.2 m (250 ft).
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FIGURE 5.2.: Relative permeability curves for the oil and gas phases. Data
obtained from Yu et al. [83]
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TABLE 5.1.: Gridding along the Y-axis (along the fracture). See Figure 5.1 for
reference.

Y-cell index AY(m) | Cell name
22.605
11.435
5.784
2.926
1.480
0.749
0.379
0.192
0.097
0.049
0.025 | Matrix

0.025 | Tip of the fracture
0.049
0.097
0.192
0.379
0.749
1.480
2.926
5.784
11.435
17.605
10.000 | Well

= R R e | e e
OO TDU A W~ O L PN AW

N N DD
N = O

DO
w

TABLE 5.2.: Periodic gridding along the X-axis (along the well). See Figure 5.1
for reference.

X-cell index AX(m) | Cell name
36.832
7.160
1.392
0.271
0.053
0.025 | Fracture Cell
0.053
0.271
1.392
7.160
36.832

O 00 OO = W N~

—_
— O
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TABLE 5.3.: Compositional data for Bakken oil
Component Composition P (bar) T (K) w Parachor

Cy 0.36736 45.162 186.297  0.0102 74.8
Cy 0.14885 49.779 305.538  0.1028 107.7
Cs 0.09334 42.455 369.983  0.1520 151.9
Cy 0.05751 37.677 421.782  0.1894 189.6
C5-Cs 0.06406 31.804 486.377  0.2684 250.2
C7-Cya 0.15854 25.051 585.138  0.4291 350.2
Cy13-Cyy 0.0733 17.210 740.052  0.7203 590.0
Ca2-Cso 0.03704 13.108 1024.717 1.0159  1216.8

5.3.1. Fixed Pore Size

Different pore sizes are tested to examine the impact of the capillary pressure. A
pore geometry of interconnected capillary tubes with a constant radius is assumed.

Therefore, the Young-Laplace equation inside a tube is chosen

20 cos
p, =22 (5.61)

Te

where ¢ is calculated using the parachor model in (Eq. 5.52) using F = 4 for the
scaling exponent. The parachor values are presented in Table 5.3. We are aware
that assuming a fixed pore radius is a simplification of the matrix nature. However,
evaluating the oil production at different capillary radii is useful to evaluate the

magnitude of change in the results.

5.3.2. Variable Pore Size

In general, porous materials are more complex than a network of capillary tubes with
a constant radius. Instead, they are conformed by different pore sizes determined
by a particular pore size distribution. For instance, shale reservoirs have pore size
distributions that range in the nanometer scale. In general, the heterogeneity nature
of a pore size distribution makes several properties to be function of the phase
saturation. Omne important property, is the capillary pressure. The Leverett J-
function curves are employed to account for this pore size distribution in the capillary
pressure [85]. The J-function is a function of the phase saturation, rock porosity,

and permeability. It can be written as follows:

J(S) = P(8) ko (5.62)

ocosf
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where ¢ is the rock porosity, k is the rock permeability in (m=2), and 6 the contact
angle. This is equivalent to consider an effective capillary radius as a function of
the saturation. Moreover, this relationship can be obtained by replacing the Young-

Laplace equation inside a capillary tube for P. in (Eq. 5.62) as follows:

1) - sy 2

7e(S) J(S)

(5.63)

If we assume a constant capillary radius, the J-function is reduced to a constant
value, corresponding to the particular case of the Young-Laplace equation in a cap-
illary tube. In our case, by using the J-function, we are indirectly considering that
effective pore size decreases as the oil saturation decreases. Moreover, the capil-
lary radius at S,; = 1, corresponds to the effective capillary radius at the bubble
point. Hence, the bubble point transition occurs in the biggest pores. However, as
we decrease the oil saturation the effective capillary radius becomes smaller as seen

in Figure 5.3, therefore, higher deviations from conventional phase equilibrium are

expected.
I I I 80 I T
0.60 |- —e— J(S) = 0.134571-058 ‘* —— 1uD
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FIGURE 5.3.: [Left] J-function (taken from Brooks and Corey [86]). [Right]
Effective capillary radius based on J-function at different rock
permeability.

A J-function approach appears easier to implement into reservoir simulators, since
the capability is already there. In reality, this only increases the difficulty of the
problem because a more complex capillary pressure model needs to couple with phase
equilibrium calculations. In general, it is important to maintain consistency in the
capillary pressure model used to update the phase pressures during the simulation,
and the capillary pressure model used for the phase equilibrium calculations. For

instance, if a constant capillary radius is used, the equivalent J-function would be a
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constant and the capillary pressure will be subjected only to changes in the interfacial
tension. On the other hand, if a J-function approach is chosen, the effective capillary
radius is now a function of the phase fraction, which at the same time is the solution
of the flash problem (i.e. 5). Hence, the level of implicitness of the problem makes

the calculations more costly.

As shown in Chapter 2, the flash problem considering capillary pressure finds the

solution to the following equations

In f#(Py,y) - In f{( 11, %)
FP,=<%— Byi — (1 - B)

20(F, P,
Pg_Pl— U( 1y gaX7Y)
re(5)

0 (5.64)

where complete wetting of the oil phase is assumed (0 = 0). Unlike the calcula-
tions done at a constant capillary radius, the solution of capillary pressure not only
depends on the final phase pressures and compositions, but also on the phase satu-
ration. As a result, the successive substitution procedure on the capillary pressure
will be much slower in comparison to a constant capillary radius approach. Never-
theless, the same procedure as in Section 2.2 of Chapter 2 was implemented without

having additional problems except for the slower convergence.

The modified stability analysis requires also some slight modifications. In contrast
to the flash procedure, this modifications does not impact on the convergence. Since
the effective capillary radius at the bubble point is r.(S,; = 1), a constant capillary
radius is used at this value when the feed phase is assumed liquid and the trial
phase a vapor. For the case where the feed phase is assumed vapor, and the trial
phase a liquid, we need to use an effective capillary radius at r.(S,; =0). However,
the J-function is not defined at such phase fraction, therefore, a cut off value must
be introduced as an approximation. For the case of Figure 5.3, r.(S,; = 0) would
correspond to 7.(Sy; ~ 0.3). Nevertheless, this approximation is not relevant for the
depletion scenarios considered in this study since only stability analysis close to the

bubble point is needed.
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5.4. Results

Different capillary radii ranging from 5 nm to 100 nm were used to evaluate the
impact of the capillary pressure in phase equilibrium for the accumulated oil and
gas production, solution gas oil ratio, pressure profiles, and saturation profiles. Ad-
ditionally, a variable capillary radius based on the Leverett J-function was tested
at two different rock permeabilities (Figure 5.3 with 1D and 100nD). Table 5.4

shows the different tested scenarios.

TABLE 5.4.: Simulation scenarios. Labeling given by letter and subscript.

Te (nm) k=1uD k=100nD Color code
9] (:bulk) A1 A2 —

5 B - ---

10 Cq Cs ---

20 Dy -

100 En - ---
T'C(S) F1 F2 - - -

Results are shown from Figure 5.4 to Figure 5.18. Production without using the
effect of capillary pressure in phase equilibrium is considerably different from to
those when the effective capillary radius is less than 20 nm. Figure 5.4 and 5.5 show
the cumulative oil and gas production of 30 years for a reservoir of rock permeability
of 1uD for cases A; to Fy. In general, an increase in both gas and oil production
can be observed as the capillary radius decreases. Furthermore, approximately 8%
more oil is produced from case B; in comparison to the oil produced from case A;
(no P.). The difference is smaller for the accumulated gas production (»2.7%) and
Figure 5.5 suggests that this difference may decrease over time. On the other hand,
cases 1 and Fj have a negligible impact, and the impact of cases C; and D; can
be considered moderate, and should not be neglected. Figure 5.6 and Figure 5.7
illustrate the oil saturation inside the reservoir after 30 years of production for cases
Aj and (. Saturation map for the case A; is slightly lower in comparison to the
saturation map for the case C;. This seems contradictory with the results observed
from the accumulated oil production together with the fact that we are using the
same reservoir fluid. However, this can explained by the capillary pressure effect on
phase behavior. The bubble point is suppressed, and this is translated to a delayed
two-phase region that allows a longer production from the single-phase liquid region.
Figure 5.8 illustrates the shift of the bubble point of case A; and C. Similar to the
bubble point shift, the saturation lines are also shifted to lower pressures, delaying

the gas saturation of the reservoir.
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The impact of the suppression of the bubble point can also be observed in the
reservoir solution gas-oil ratio (Rg) in Figure 5.9. In general, when the capillary
pressure effect is considered in the phase behavior, a longer region with a constant
GOR is obtained as seen in Fig 5.9. Once more, the most relevant cases are By, C
and D;. As the capillary radius is reduced, this region becomes bigger. Moreover,
the producing (GOR) has different behavior over the time for the different cases
as shown in Figure 5.10. In the first five years, case A; has a slightly lower GOR
than the rest of the cases. Furthermore, after the fifth year the GOR for the case
Aj increases much faster than the other cases considering capillary pressure on
the phase behavior. This difference keeps increasing over time, and all the cases
(B to F1) have a noticeable effect that cannot be neglected. In specific, cases By
and C] have approximately 10% and 16% lower producing GOR after 30 years of
production. In general, a lighter fluid with higher methane composition is produced
at the beginning of the first years yielding slightly higher GOR as shown in Figure
5.11. This implies that lighter components will be present in the liquid phase when
capillary pressure effect is considered. Furthermore, while cases By to E; show a
tendency on the changes as the capillary radius is reduced, F; shows a more unusual

behavior due to the heterogeneity of the pore size distribution.

The pressure behavior inside the reservoir, as well as the oil production and GOR,
show some differences when the capillary pressure effect is considered. Figure 5.12
shows the pressure drop of the reservoir over time for all the cases. It can be observed
that as the capillary radius decreases the pressure drop is higher. This is a direct
consequence of the suppression of the bubble point due to capillarity. When the
bubble point is shifted to lower pressures, the reservoir is maintained in the single
phase for a longer period than the conventional case (A;), having a further pressure
drop before the pressure is stabilized by the appearance of the incipient gas phase.
After a two-phase region is reached in all the reservoir, the pressure drop becomes
very slow over the time. Figure 5.13 and 5.14 show the pressure map after 30 years
of production for cases A; and C;. Unlike the differences in the saturation map,
the differences in the pressure map are more pronounced. It can be observed that
the pressure after 30 years is lower in C; than A;, especially close to the fractures
and the horizontal well. On average, as shown in Figure 5.12, the pressure drop is
close to 5 bar, however, the pressure map shows that in some areas this pressure

difference can be higher.

A more tight reservoir with a rock permeability of 100 nD was tested to observe the

main differences between the use of a variable pore size and a fixed pore size. The
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use of the J-function gives a variable pore size that ranges from 10 nm to 20 nm as
shown in Figure 5.3. The most appropriate comparison would be with one of a fixed
pore radius of 10 nm and another one of 20 nm (Cy and D5). The results are shown
from Figure 5.15 to Figure 5.18. In general the behavior of a variable pore size,
case Fy, is more similar to Dy than Cy. Moreover, the accumulated oil production,
solution gas-oil ratio, and pressure profile are almost identical. The only perceived
difference is encountered at the first years for the producing GOR, however, after
the third year F, follows the same behavior as Dy. This suggests that for a natural
depletion case, the effective pore size at the bubble point r.(f = 0), will have the
biggest influence on the production profile since the production is quite slow, and
the saturation values are close to the unity. This is not expected to change under the
same conditions unless we run the simulation for several more years. Nevertheless,
this may not be the case for other production scenarios where low oil saturation
values can be encountered such as gas injection scenarios. Furthermore, the choice
of J-function may influence the results. Therefore, it is recommended to study
different production scenarios and different choices of J-function in the future in

order to make a complete assessment.

5.5. Conclusions

In this chapter, we presented a procedure to include the capillary pressure effect
on phase behavior into a fully implicit compositional reservoir simulator. General
guidelines are given in order to modify thermodynamic subroutines that can handle
cases with negative liquid pressures that may be potentially encountered during sim-
ulation involving high capillary pressures. Moreover, details and recommendations
on how to integrate the capillary pressure model into the numerical framework in a
consistent way are presented. In general, including the capillary pressure difference
requires a modification on how the flash calculations for phase splitting are made
and how the phase pressures are updated in the different parts of the simulator.
Moreover, derivatives of the capillary pressure model with respect to the primary
and secondary variables are required to include the contributions in the general Ja-
cobian matrix. Its implementation will depend on the complexity of the capillary

pressure model and the implicit level of the numerical model.

A natural depletion case of a tight reservoir was used to test the features added
to the simulator. The case consists of a two-dimensional reservoir with a series of

planar fractures along a horizontal well. It uses a single porosity media with local
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grid refinement in the z and y direction along to the fractures to capture the flow
interchange with a low permeable matrix of 1D and 100nD. The simulator is
able to handle different capillary pressure models with fixed and variable effective
capillary radius. Moreover, tests were performed to analyze the effect of capillary
pressure in phase behavior in the context of reservoir simulation. In general, he
simulated oil and gas production considering capillary pressure differs from that
using the conventional approach where capillary pressure is not included in phase
equilibrium. The accumulated oil production increases due to the delay single liquid
phase production window caused by the suppression of the bubble point. This has
a direct impact on the pressure production profile and on the pressure distribution
at the end of the production period. Moreover, the producing GOR after 30 years
is considerably lower for cases with capillary radii less than 20 nm. On the other
hand, a variable pore size capillary pressure model shows similar results to those
obtained at fixed capillary radius. In the long term, the results are closer to a fixed
pore size calculated at the bubble point (7.(S,; = 1)). However, for the first years
of production, some deviations can be noticed, especially in the producing GOR.
The obtained results are preliminary, and a more extensive analysis using different
production scenarios and reservoir fluids is recommended for the future work.
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FIGURE 5.4.: Cumulative oil production. Rock permeability K = 1uD
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CHAPTER 6

Conclusions

This thesis has focused on phase equilibrium modeling of capillary and adsorption
effects in porous media which is a central issue in the shale production. Several phase
equilibrium calculation tools have been developed by combining equations of state
based thermodynamic modeling with capillary pressure expressions and adsorption
models of different complexities. The tools serve two major purposes: first, they are
used to analyze the capillary and adsorption effects at a wide range of temperature,
pressure and composition conditions; second, some of the tools can be used as mod-
ules in compositional reservoir simulation. To serve these purposes, robustness and
efficiency have been emphasized on the algorithmic aspect of the developed tools. In
addition, the thesis has dealt with theoretical analysis of phase envelope shift under
capillarity, evaluation of adsorption models for shale, and development of compo-
sitional reservoir simulation with capillary pressure. The detailed conclusions are

summarized below.

For the capillary pressure effect alone, two algorithms were developed: one for trac-
ing the phase envelope and another one for isothermal flash calculations. Addition-
ally, a mathematical analysis of the changes in the phase envelope was provided.
The phase envelope algorithm shows to be efficient and robust. It can automatically
trace the phase boundary of a multicomponent mixture under a capillary pressure
difference. A shift in the entire phase envelope is observed except at the critical
point. Specifically, the bubble point pressure and the lower dew point pressure are
suppressed, and the upper dew point pressure and temperature of the criconden-

therm are increased. The observed changes are enhanced as the capillary radius
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decreases. On the other hand, the flash algorithms, both P, and P, specifications,
showed to be convergent in all the temperature and pressure range tested. The
increase of the computational cost associated with capillary pressure effect in flash
calculations is around 40% for the tested systems. Moreover, a stability analysis,
based on a modified tangent plane distance considering capillary pressure, was used
to check the correctness of the results obtained by the flash algorithm. Further-
more, the linear relationships derived from the mathematical analysis, are used to
predict the direction of the shift of the phase envelope, prior to solving the system
of equations for phase equilibrium. In some cases, they can estimate with accuracy

the magnitude of the shift in bubble point and upper dew point.

A model comparison for adsorption of pure components and binary mixtures in shale
at high-pressures was presented. It was found that for pure components, the mod-
els tested can fit with similar accuracy the adsorption isotherm data. Langmuir,
Toth, and MPTA-DRA yield absolute average deviations lower than 10%. How-
ever, MPTA+DRA is able to achieve the same results with fewer parameters. The
reason behind is the temperature independence on the model parameters, which
makes MPTA+DRA a flexible predictive model. For multicomponent systems,
MPTA+DRA shows the best prediction for the adsorbed amounts with an abso-
lute average deviation of 17.9% followed by ML and TAST+Langmuir with 26.1%
and 27.0%, respectively. Furthermore, the binary system C;-CO, shows to be more
challenging than the C;-Cs system. Large differences in the individual pure com-
ponent isotherms between C; and COs partly explains the low accuracy of all the

models in the prediction of this binary mixture.

The combined effect of capillary pressure and adsorption was also studied. A mod-
ification of the algorithm for phase envelope calculations was used to include the
effect of the adsorption film thickness. The modification of the capillary radius en-
hances the capillarity of the system. The effects were found to be negligible close to
the critical point, and moderate far away from it. The magnitude of the calculated
adsorption film thickness along the phase envelope, suggests that adsorbed phase
is approximately a single layer. Therefore, the changes in the capillary radius will
be of importance only at very low pore sizes. Moreover, a flash algorithm that ac-
counts for both capillary pressure and adsorption was developed. It was used to test
various systems, from a binary system to a five-component mixture representative
of a reservoir fluid. MPTA was used as a tool to generate artificial adsorption data
for different hydrocarbons. The data was then used to determine model parameters

of ML to model the adsorbed phase. The results obtained from the tested systems
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show that adsorption and capillary pressure can significantly change the bulk phase
composition and thus its corresponding phase envelope. In general, a much shrunk
phase envelope with shifted critical point is observed. Adsorption in the liquid
phase appears to be moderate, thus, obtaining small deviations in the bubble point
region. On the other hand, effects at low pressures and high temperatures are more
pronounced due to strong adsorption selectivity towards heavier components. As a

result, changes in the dew point region are abrupt.

Finally, the integration of capillary pressure effects into a fully implicit compositional
simulator was accomplished. Recommendations on how to consistently integrate the
capillary pressure on phase behavior and flow equations are given. The added ca-
pability was used to test the impact of the capillary pressure on phase behavior in
reservoir simulation and oil production from tight reservoirs in general. A natural
depletion case consisting of a two-dimensional reservoir with a series of planar frac-
tures along a horizontal well was used as a test case. Different permeability and
capillary pressure functions were evaluated. In general, when considering capillary
pressure on phase behavior, the accumulated oil production increases. One of the
reasons is the extension of the single liquid phase production window caused by the
suppression of the bubble point. This has a direct impact on the pressure produc-
tion profile and on the pressure distribution at the end of the production period.
Moreover, the producing GOR after 30 years is considerably lower for cases with
capillary radii less than 20 nm than for the case without considering capillarity. On
the other hand, a variable pore size capillary pressure model show similar results
to those obtained at fixed capillary radius, suggesting that the bigger pores of the
distribution play a major role during the production of an oil reservoir. The simula-
tion results are preliminary, and a more extensive analysis using different production

scenarios and reservoir fluids are recommended.
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APPENDIX A

Artificial Adsorption Data of Alkanes
on Shale Using MPTA
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TABLE A.1l.: Summary of Langmuir fittings for the artificial data.

Alkane T (K) nmat b (bar”l)  RMS (Z2el)  AAD
223.15 3.37-10°1  8.16-1072 1.24-1072 9.4%

323.15 2.85:1071  1.93-1072 7.14-1073 15.5%

Ci 373.15 2.71-101  1.15.1072 5.21-1073 17.5%
423.15 2.61-1071  7.60-1072 3.66:1073 17.8%

473.15 2.53.10"1  5.49.1073 2.53-1073 16.8%

573.15 2.16:1071  4.15-1073 1.83-1073 9.0%

223.15 2.46:10°T  2.05-109 1.37.1072 7.0%

323.15 2.34-1071  9.86-1072 7.81-1073 7.8%

Co 373.15 2.19107Y  5.07-1072 6.32:1073 10.5%
423.15 2.06:1071  3.01-1072 5.25.1073 12.6%

473.15 1.951071  1.93-1072 4.381073 14.5%

573.15 1.81-1071 9581073 2.83-1073 17.0%

323.15 1.40-10°T  2.26-10° 5.82:1073 2.5%

c 373.15 1371071 5.07-107! 5.65-1073 3.3%
4 423.15 1.32.1071  2.16-.1071 5.45-1073 6.0%
473.15 1.26-1071  1.19-107! 4.99.1073 8.2%

573.15 1.13.107!  5.31.1072 3.87.1073 11.4%

323.15 7.09-10°2  3.97-102 4.581073 4.0%

c 373.15 6.95-1072  6.61-10" 8.66:1073 16.8%
8 423.15 6.79-1072  1.88.10' 8.18.1073 25.3%
473.15 6.64-1072  6.72:10° 6.75-1073 21.9%

573.15 6.26-1072  1.86-10° 6.01-1073 38.7%

323.15 5.69-1072  2.26-10° 1.03-1073 1.7%

c 373.15 5.49-1072  4.66-102 3.80-1073 5.1%
10 423.15 5.41.1072  1.09-102 6.78-1073 16.1%
473.15 5.31.1072  2.09-101 5.45-1073 14.6%

573.15 5.10-1072  6.50-10° 5.60-1073 22.9%

323.15 4.60-1072  2.20-10% 9.60-107% 1.6%

c 373.15 4531072 3.69-103 4.37-1073 8.4%
12 423.15 4481072 3.41-102 4.02:1073 7.8%
473.15 4431072 4.86-10' 4.81.1073 10.9%

573.15 4311072 1.22.10% 4.92:1073 20.2%

323.15 3.23:1072  1.44-10° 1.20-1073 1.5%

c 373.15 3.22.1072  2.96-10% 4.10-1073 7.5%
16 423.15 3.19-1072  4.63-103 6.18-1073 21.5%
473.15 3.16:1072  1.41-103 5.87-1073 31.6%

573.15 3.10-1072  2.98.102 4.83.1073 48.1%
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TABLE A.2.: Artificial MPTA data (n®*?), and Langmuir fit (n%) for C; at 223
K.

TABLE A.3.: Artificial MPTA data (n®?), and Langmuir fit (n%) for C; at 323
K.

P (bar) f (bar) n*P (%Dl)

nL ( mmol )

9

0.10 0.10 1.82-1072 2.72-1073
1.00 0.99 5.16-1072 2.53-1072
2.00 1.98 7.02-1072 4.68-1072
3.00 2.95 8.38-1072 6.53-1072
4.00 3.92 9.49-1072 8.15-1072
5.00 4.87 1.04-107! 9.57-1072
6.00 5.81 1.13-107! 1.08-107!
7.00 6.74 1.20-107! 1.19-107!
8.00 7.66 1.27-107* 1.30-1071
10.00 9.48 1.39-107* 1.47-1071
12.00 11.25 1.50-107! 1.61-107!
15.00 13.83 1.63-107! 1.78-107!
20.00 17.95 1.82-107! 2.00-1071
50.00 37.91 2.44-1071 2.54-107!
100.00 57.28 2.78-1071 2.77-107!
150.00 70.22 2.89-1071 2.87-1071
200.00 82.63 2.97-107" 2.93-1071
250.00 95.55 3.03-107* 2.98-1071
300.00  109.40 3.08-107" 3.03-107!
400.00  140.50 3.15-107! 3.10-107!

P (bar) f (bar) neeP (%Ol)

nL ( mmol )

9

0.10 0.10 2.73-107° 5.50-107%
1.00 1.00 1.22-1072 5.40-1073
2.00 1.99 1.89-1072 1.06-1072
3.00 2.99 2.44-1072 1.56-1072
4.00 3.97 2.91-1072 2.03-1072
5.00 4.96 3.34-1072 2.49-1072
6.00 5.94 3.73-1072 2.94-1072
7.00 6.92 4.09-1072 3.36-1072
8.00 7.89 4.44-1072 3.77-1072
10.00 9.83 5.06- 1072 4.55-1072
12.00 11.76 5.64-1072 5.28-1072
15.00 14.63 6.41-1072 6.29-1072
20.00 19.35 7.55-1072 7.76-1072
50.00 46.17 1.22-107! 1.35-107!
100.00 86.25 1.67-1071 1.78 1071
150.00 122.40 1.94-1071 2.01-1071
200.00  156.60 2.12-107! 2.14-1071
250.00  190.10 2.26-107! 2.24-107"
300.00  223.90 2.37-107! 2.32-107"
400.00  294.80 2.53-107! 2.43-107"
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P (bar) f (bar) nesr (mmel) b (mmel)

0.10 0.10 1.21-1073 3.11-107%
1.00 1.00 6.61-1073 3.08-1073
2.00 2.00 1.09-1072 6.08-1073
3.00 2.99 1.45-1072 9.01-1073
4.00 3.98 1.77-1072 1.19-1072
5.00 4.98 2.07-1072 1.47-1072
6.00 5.97 2.35-1072 1.74-1072
7.00 6.95 2.61-1072 2.01-1072
8.00 7.94 2.85.1072 2.27-1072
10.00 9.90 3.31-1072 2.77-1072

12.00 11.86 3.74-1072 3.25.1072
15.00 14.79 4.33.1072 3.94-1072
20.00 19.62 5.21-1072 4.99-1072
50.00 47.79 9.07-1072 9.61-1072
100.00 92.10 1.31-107t 1.39-107!
150.00  134.20 1.58 1071 1.64-1071
200.00  175.30 1.78 1071 1.81-1071
250.00  216.10 1.93-107¢ 1.93-107t
300.00  257.50 2.05-107! 2.03-107!
400.00 343.70 2.24-1071 2.16-107*

TABLE A.4.: Artificial MPTA data (n°P), and Langmuir fit (n’) for C; at 373
K.

P (bar) f (bar) nev (2gel) b ()

0.10 0.10 5.93.1077 1.98-1071
1.00 1.00 3.87-1078 1.97-1073
2.00 2.00 6.68-1073 3.91-1073
3.00 3.00 9.16-1073 5.81-1073
4.00 3.99 1.14-1072 7.69-1073
5.00 4.99 1.36-1072 9.53-1073
6.00 5.98 1.56-1072 1.14-1072
7.00 6.97 1.75-1072 1.31-1072
8.00 7.97 1.93-1072 1.49-1072
10.00 9.95 2.28-1072 1.84-1072

12.00 11.92 2.60-1072 217-1072
15.00 14.88 3.06-1072 2.65-1072
20.00 19.79 3.75-1072 3.41-1072
50.00 48.77 6.93-1072 7.06-1072
100.00 95.70 1.05-107! 1.10-107!
150.00 141.60 1.31-107t 1.35-107t
200.00  187.20 1.50-107! 1.53-1071
250.00  233.10 1.66-107! 1.67-1071
300.00  279.80 1.79-107! 1.78-107!
400.00  377.20 1.99.107! 1.94-107¢

TABLE A.5.: Artificial MPTA data (n°*P), and Langmuir fit (n’) for C; at 423
K.
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TABLE A.6.: Artificial MPTA data (n®*?), and Langmuir fit (n”) for C at 473
K.

TABLE A.7.: Artificial MPTA data (n®?), and Langmuir fit (n%) for C; at 573
K.

P (bar) f (bar) n*P (%Dl)

nL ( mmol )

9

0.10 0.10 3.24-1077 1.39-107%
1.00 1.00 2.43.1073 1.38-1073
2.00 2.00 4.38-1073 2.75-1073
3.00 3.00 6.14-1073 4.10-1073
4.00 4.00 7.79-1073 5.43-1073
5.00 4.99 9.36-1073 6.75-1073
6.00 5.99 1.09-1072 8.06-1073
7.00 6.99 1.23-1072 9.35-1073
8.00 7.98 1.37-1072 1.06-1072
10.00 9.97 1.63-1072 1.31-1072
12.00 11.96 1.89-1072 1.56-1072
15.00 14.94 2.24-1072 1.92-1072
20.00 19.89 2.80-1072 2.49-1072
50.00 49.40 5.45-1072 5.40-1072
100.00 98.00 8.61-1072 8.86-1072
150.00  146.40 1.10-1071 1.13-107!
200.00  195.00 1.28-1071 1.31-107!
250.00  244.30 1.44-1071 1.45-1071
300.00  294.70 1.57-107! 1.57-107!
400.00  399.90 1.78-107! 1.74-1071

P (bar) f (bar) neeP (%Ol)

nL ( mmol )

9

0.10 0.10 1.31-107% 8.96-107°
1.00 1.00 1.17-1073 8.92.107*
2.00 2.00 2.22-1073 1.78-1073
3.00 3.00 3.22-1073 2.66-1073
4.00 4.00 4.18-1073 3.53-1073
5.00 5.00 5.12-1073 4.39-1078
6.00 6.00 6.02-1073 5.25-1073
7.00 7.00 6.91-1073 6.10-1073
8.00 8.00 7.77-1073 6.94-1073
10.00 10.00 9.46-1073 8.61-1073
12.00 12.00 1.11-1072 1.02-1072
15.00 15.00 1.34-1072 1.27-1072
20.00 20.01 1.72-1072 1.66-1072
50.00 50.07 3.62-1072 3.72-1072
100.00  100.50 6.08-1072 6.36-1072
150.00  151.60 8.05-1072 8.34-1072
200.00  203.60 9.69-1072 9.89-1072
250.00  256.80 1.11-107! 1.12-107!
300.00  311.40 1.23-107! 1.22-107!
400.00  425.60 1.44-107! 1.38-107!
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P (bar) f (bar) nesr (mmel) b (mmel)

0.05 0.05 5.59-1072 2.29.1072
0.10 0.10 6.96 - 1072 4.18-1072
0.20 0.20 8.65-1072 7.14-1072
0.30 0.30 9.81-1072 9.34-1072
0.40 0.40 1.07-107¢ 1.10-107¢
0.50 0.50 1.14-107! 1.24-1071
1.00 0.98 1.41-107! 1.64-1071
2.00 1.93 1.74-107! 1.96-107!
3.00 2.84 1.96-1071 2.10-107!
4.00 3.71 2.12-107! 2.18-107!
5.00 4.55 2.25-1071 2.22.107!
6.00 4.98 2.31-107" 2.24-1071
7.00 4.99 2.31-107! 2.24-107!
8.00 5.01 2.31-107! 2.24-107!
9.00 5.02 2.31-107! 2.24.107!
10.00 5.04 2.31-1071 2.24-1071
50.00 5.69 2.32-107! 2.27-1071
100.00 6.60 2.33-1071 2.29-107!
300.00 11.71 2.38-107! 2.36-107"
400.00  15.45 2.39.107! 2.39-107!

TABLE A.8.: Artificial MPTA data (n?), and Langmuir fit (n%) for Cq at 223
K.

P (bar) f (bar) nev (2gel) k()

0.10 0.10 1.36-1072 2.28-107°
1.00 0.99 3.89-1072 2.09-1072
2.00 1.97 5.31-1072 3.81-1072
3.00 2.94 6.35-1072 5.26-1072
4.00 3.90 7.20-1072 6.49-1072
5.00 4.84 7.93-1072 7.55-1072
6.00 5.77 8.57-1072 8.48-1072
7.00 6.68 9.14-1072 9.29-1072
8.00 7.58 9.66 - 1072 1.00-107!
10.00 9.35 1.06-107* 1.12-107t

12.00 11.07 1.14-107¢ 1.22-107"
15.00 13.55 1.24-1071 1.34-1071
20.00 17.45 1.38-107! 1.48-1071
50.00 34.83 1.81-107! 1.81-107¢
100.00 46.33 1.95.107¢ 1.92-107!
150.00 54.57 2.00-107! 1.97-107¢
200.00 63.07 2.04-1071 2.02-1071
250.00 72.16 2.07-1071 2.05-107!
300.00 82.01 2.10-107" 2.08-107!
400.00  104.50 2.14-107" 2.13-107!

TABLE A.9.: Artificial MPTA data (n°*P), and Langmuir fit (n’) for Cq at 323
K.
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P(bar) f(bar) nc®P (%"l) nk (%"l)
0.10 0.10  6.48-1073 1.11-1073
1.00 1.00 2.19-1072 1.05-1072
2.00 1.98 3.14-1072 2.00-1072
3.00 2.96 3.86-1072 2.86-1072
4.00 3.93 4.47-1072 3.64-1072
5.00 4.89 5.00- 1072 4.36-1072
6.00 5.85 5.47-1072 5.01-1072
7.00 6.79 5.90-1072 5.62-1072
8.00 7.73 6.29-1072 6.17-1072

10.00 9.58 7.01-1072 7.17-1072
12.00 11.39 7.63-1072 8.03-1072
15.00 14.06  8.46-1072 9.12-1072
20.00 18.34  9.62-1072 1.06- 107!
50.00 40.25 1.38-107! 1.47-1071

100.00 65.19 1.66-107" 1.68-107*

150.00 82.61 1.78 1071 1.77-1071

200.00 98.26 1.85-107! 1.83-107!

250.00  114.00 1.89-1071 1.87-1071

300.00 130.50 1.93-107* 1.91-107!

400.00  166.80 2.00-107! 1.96-107*

TABLE A.10.: Artificial MPTA data (n°P), and Langmuir fit (n%) for Cy at

373 K.

P(bar) f(bar) nc*P (”"g’“’l) nk (%"Z)
0.10 0.10 3.26-1073 6.17-107%
1.00 1.00 1.29-1072 5.99.1073
2.00 1.99 1.94-1072 1.16-1072
3.00 2.97 2.45-1072 1.69-1072
4.00 3.95 2.89-1072 2.19-1072
5.00 4.93 3.28.1072 2.66-1072
6.00 5.90 3.63-1072 3.10-1072
7.00 6.86 3.96 - 1072 3.52-1072
8.00 7.82 4.26-1072 3.92-1072

10.00 9.72 4.81-1072 4.65-1072
12.00 11.60 5.31-1072 5.32-1072
15.00 14.37 5.97-1072 6.21-1072
20.00 18.90 6.92-1072 7.46-1072
50.00 43.49 1.06-107! 1.17-107!

100.00 76.67 1.37-107! 1.44-1071

150.00  103.60 1.54-107! 1.56-1071

200.00  127.90 1.64-107! 1.63-107!

250.00 151.40 1.71-107! 1.69-107!

300.00  175.40 1.76-107! 1.73-107!

400.00  226.80 1.85-1071 1.80-107!

TABLE A.11.: Artificial MPTA data (n°®P), and Langmuir fit (n%) for Cq at

423 K.
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P (bar) f (bar) nesr (mmel) b (mmel)

0.10 0.10 1.73-107° 3.76-107%
1.00 1.00 7.97-1073 3.69-1073
2.00 1.99 1.25-1072 7.24-1073
3.00 2.98 1.62-1072 1.06-1072
4.00 3.97 1.94-1072 1.39-1072
5.00 4.95 2.23-1072 1.70-1072
6.00 5.93 2.50-1072 2.01-1072
7.00 6.91 2.75-1072 2.30-1072
8.00 7.88 2.99-1072 2.58-1072
10.00 9.81 3.42-1072 3.11-1072

12.00 11.73 3.81-1072 3.61-1072
15.00 14.58 4.35-1072 4.29-1072
20.00 19.25 5.13-1072 5.29-1072
50.00 45.61 8.36-1072 9.14-1072
100.00 84.19 1.14-107¢ 1.21-107¢
150.00  118.30 1.32-107! 1.36-1071
200.00  150.10 1.44-1071 1.45-1071
250.00  181.20 1.53-107! 1.52-107!
300.00  212.50 1.60-107! 1.57-107!
400.00  278.40 1.70-107* 1.64-107"

TABLE A.12.: Artificial MPTA data (n°*?), and Langmuir fit (n) for Cy at
473 K.

P (bar) f (bar) nev (2gel) b (el

0.10 0.10 5.67-107% 1.73-107%
1.00 1.00 3.43-1078 1.71-1073
2.00 2.00 5.81-1073 3.39-1073
3.00 2.99 7.87-1073 5.03-1073
4.00 3.99 9.74-1073 6.64-1073
5.00 4.98 1.15-1072 8.22.1073
6.00 5.97 1.31-1072 9.76-1073
7.00 6.96 1.46-1072 1.13-1072
8.00 7.95 1.61-1072 1.28-1072
10.00 9.91 1.89-1072 1.57-1072

12.00 11.88 2.14-1072 1.84-1072
15.00 14.81 2.50-1072 2.24-1072
20.00 19.66 3.04-1072 2.86-1072
50.00 48.03 5.46-1072 5.69-1072
100.00 92.99 8.07-1072 8.50-1072
150.00 136.10 9.85-1072 1.02-107t
200.00  178.30 1.12-107! 1.14-107*
250.00  220.50 1.22-107! 1.23-107!
300.00  263.30 1.31-107! 1.29-107¢
400.00  352.70 1.44-107! 1.39-107!

TABLE A.13.: Artificial MPTA data (n°?), and Langmuir fit (n”) for Cq at
573 K.
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P (bar) f (bar) n*P (%Dl) nk (%"l)
0.10 0.10 4.504-1072  2.570-107?
1.00 0.98 8.581-1072  9.623-1072
2.00 1.91 1.034-107  1.135-107"
3.00 2.81 1.146-107  1.207-107*
4.00 3.65 1.233-107  1.247-107!
5.00 4.42 1.295-107*  1.271-107"
6.00 4.44 1.295-107  1.271-107"
7.00 4.46 1.295-107  1.272-107"
8.00 4.47 1.296-107  1.272-107*
9.00 4.49 1.296-1071  1.273-107*

10.00 4.51 1.296-10"*  1.273-107"
12.00 4.54 1.297-107  1.274-107"
15.00 4.59 1.297-1071  1.275-107"
20.00 4.68 1.298-107  1.277-107"
50.00 5.24 1.304-1071  1.289-107*

100.00 6.30 1.313-107'  1.306-107"

150.00 7.54 1.321-107*  1.321-107"

200.00 9.01 1.327-107"  1.333-107!

250.00  10.72 1.334-1071  1.343-107!

300.00 12.74 1.340-107*  1.351-107*

TABLE A.14.: Artificial MPTA data (n*?), and Langmuir fit (n’) for Cy at

323 K.

P (bar) f (bar) nc*P (%"l) nk (%"l)
0.10 0.10 2.613-1072  6.619-107°
1.00 0.99 5.586-1072  4.576-1072
2.00 1.94 6.938-1072  6.814-1072
3.00 2.87 7.877-1072  8.140-1072
4.00 3.77 8.558-1072  9.016-1072
5.00 4.64 9.157-1072  9.638-1072
6.00 5.48 9.650-1072  1.010-107'
7.00 6.30 1.008-10"  1.046-107*
8.00 7.08 1.043-107  1.074-107"
9.00 7.84 1.075-107  1.097-107"

10.00 8.57 1.107-107*  1.117-107*
12.00 9.95 1.156-107*  1.146-107"
15.00  11.80 1.215-107*  1.177-107"
20.00 12.23 1.224-107  1.183-107"
50.00 13.74 1.235-1071  1.201-107*

100.00 16.50 1.250-107  1.227-107*

150.00  19.66 1.262-107  1.248-107"

200.00  23.28 1.273-1071  1.266-107"

250.00  27.45 1.282-107  1.281-107"

300.00  32.25 1.291-107  1.294-107"

TABLE A.15.: Artificial MPTA data (n°®P), and Langmuir fit (n%) for C4 at

373 K
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P (bar) f (bar) n°*P (%"l) nt (%"l)
0.10 0.10 1.568-1072  2.772-107°
1.00 0.99 3.699-1072  2.312-1072
2.00 1.96 4.748-1072  3.905-1072
3.00 2.91 5.486-1072  5.068-1072
4.00 3.84 6.066-1072  5.955.1072
5.00 4.75 6.557-1072  6.652-1072
6.00 5.64 6.973-1072  7.216-1072
7.00 6.51 7.338-1072  7.679-1072
8.00 7.37 7.661-1072  8.068-1072
9.00 8.20 7.958-1072  8.398-1072

10.00 9.01 8.224-1072  8.681-1072
12.00  10.58 8.693-1072  9.143.1072
15.00  12.80 9.282-1072  9.653-1072
20.00 16.13 1.003-10°*  1.021-107*
50.00  25.57 1.146-107*  1.113-107*

100.00  31.48 1.175-107*  1.146-107"

150.00  37.77 1.195-107*  1.171-107"

200.00  44.77 1.212-107  1.192-107"

250.00  52.64 1.225-1071  1.209-107!

300.00  61.55 1.237-1071  1.223.107*

TABLE A.16.: Artificial MPTA data (n®*?), and Langmuir fit (n) for Cy at
423 K.

P (bar) f (bar) nc*P (%OI) nt (%"l)
0.10 0.10 9.593-10%  1.473-1073
1.00 0.99 2.510-1072  1.325-1072
2.00 1.97 3.331-1072  2.384-1072
3.00 2.94 3.920-1072  3.249-1072
4.00 3.89 4.393-1072  3.969-1072
5.00 4.82 4.792-1072  4.577-1072
6.00 5.75 5.141-1072  5.098-1072
7.00 6.66 5.451-1072  5.549.1072
8.00 7.55 5.730-1072  5.943-1072
9.00 8.43 5.986-1072  6.290-1072

10.00 9.30 6.220-1072  6.598-1072
12.00  11.00 6.640-1072  7.121-1072
15.00  13.44 7.174-1072  7.732-1072
20.00  17.27 7.886-1072  8.453-1072
50.00  34.12 1.000-10"*  1.009-107*

100.00  47.85 1.084-107*  1.070-107*

150.00  58.92 1.119-107*  1.101-107"

200.00  70.54 1.144-107*  1.124-107"

250.00  83.24 1.163-107*  1.142-107!

300.00  97.33 1.179-107  1.158-107"

TABLE A.17.: Artificial MPTA data (n®?), and Langmuir fit (n¥) for C, at
473 K.
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TABLE A.18.: Artificial MPTA data (n°P), and Langmuir fit (n%) for C4 at

TABLE A.19.:

P (bar) f (bar) n*P (%Dl)

nL ( mmol )

g9

0.10 0.10 3.859-10°  5.977-107%
1.00 1.00 1.238-1072  5.688-1073
2.00 1.99 1.746-1072  1.079-1072
3.00 2.97 2.128-1072  1.541-1072
4.00 3.94 2.445-1072  1.959-1072
5.00 4.91 2.720-1072  2.340-1072
6.00 5.87 2.964-1072  2.689-1072
7.00 6.82 3.186-1072  3.010-1072
8.00 7.77 3.380-1072  3.305-1072
9.00 8.70 3.578-1072  3.579-1072
10.00 9.63 3.753-1072  3.832-.1072
12.00 11.48 4.074-1072  4.287-1072
15.00 14.19 4.494-1072 4.865-1072
20.00 18.57 5.080-1072  5.623-1072
50.00 41.77 7.184-1072  7.807-1072
100.00 71.79 8.725-1072  8.973.1072
150.00 96.67 9.475-1072  9.481-1072
200.00  120.50 9.947-1072  9.797-.1072
250.00  145.20 1.029-107  1.003-107"
300.00 171.50 1.057-1071  1.021-107*

573 K
P (bar) f (bar) ne*P (%"l nt (%Ol)
1.00-107% 1.00-10° 3.567-1072 2.012-1072
2.00-107% 2.00-1072 3.978-1072  3.134-1072
3.00-107% 3.00-1072  4.261-1072  3.850-1072
4.00-1073 4.00-1072  4.451-1072  4.346-1072
5.00-107 5.00-107®  4.609-1072  4.711-1072
1.00-1072 9.99-107%  5.146-1072  5.659-1072
2.00-1072 2.00-1072  5.746-1072  6.293-1072
3.00-1072 2.99-1072  6.125-1072  6.537-1072
4.00-1072 3.99-1072  6.380-1072  6.666-1072
5.00-1072 4.98-1072  6.602-1072  6.746-1072
7.50-1072 6.84-1072  6.933-1072  6.836-1072
1.00-107' 6.84-1072  6.934-1072  6.836-1072
5.00-107"  6.86-1072  6.934-1072  6.837-1072
1.00-10° 6.88-1072  6.934-1072  6.837-1072
1.00-10'  7.29-1072  6.938-1072  6.851-1072
5.00-10% 9.42-1072 6.955-1072  6.903-1072
1.00-10> 1.30-107*  6.975-1072  6.953-1072
1.50-10> 1.78-107%  6.994-1072  6.989-1072
2.00-10> 2.43-107*  7.011-1072  7.015-1072
3.00-10> 4.53-107'  7.042-1072  7.049-1072

Artificial MPTA data (n®P),

323 K

and Langmuir fit (n%) for Cg at
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P (bar) f (bar)  n°*P (%"l) nt (%‘”)
1.00-107% 1.00-10~% 2.186-1072  4.309-107°
2.00-107% 2.00-10™®  2.494-10"2  8.115-1073
3.00-10% 3.00-103  2.680-1072  1.150-1072
4.00-107% 4.00-107  2.833-1072  1.453-1072
5.00-107 5.00-107%  2.956-1072  1.726-1072
1.00-1072  1.00-1072  3.357-1072  2.765-1072
2.00-1072 2.00-1072 3.819-1072  3.956-1072
3.00-1072 3.00-1072  4.126-1072  4.618-1072
4.00-1072 3.99-1072  4.343-1072  5.040-1072
5.00-1072  4.99-1072  4.527-1072  5.333-1072
7.50-1072  7.47-1072  4.895-1072  5.780-1072
1.00-107'  9.95-1072  5.143-1072  6.033-1072
5.00-107"  4.58-107'  6.761-1072  6.728-1072
1.00-10° 4.59-107'  6.761-1072  6.729-1072
1.00-10'  4.84-107!  6.768-1072  6.740-1072
5.00-10'  6.12-107'  6.793-10"2  6.783-1072
1.00-10> 8.17-107!  6.822-1072  6.825-1072
1.50-10>  1.09-10°  6.848-1072  6.856-1072
2.00-10° 1.44-10° 6.872-1072  6.879-1072
3.00-102 2.52-10°  6.914-1072  6.910-1072

TABLE A.20.: Artificial MPTA data (n*?), and Langmuir fit (n”) for Cg at
373 K

P (bar) f (bar) ncP (%"l) nt (%"l)
1.00-107% 1.00-10% 1.375-1072 1.253.107°
2.00-10% 2.00-103  1.585-10"2  2.461-1073
3.00-107% 3.00-107% 1.734-1072  3.626-1073
4.00-107% 4.00-1072  1.827-1072  4.749-1073
5.00-10 5.00-107® 1.916-1072  5.835-1073
1.00-1072 1.00-1072  2.242-10"2  1.074-1072
2.00-1072 2.00-1072  2.600-1072  1.855-1072
3.00-1072 3.00-1072 2.813-1072  2.447-107?
4.00-1072 3.99-1072  2.992-1072  2.913-1072
5.00-1072 4.99-1072  3.141-1072  3.288-1072
7.50-1072 7.48-1072  3.412-1072  3.969-1072
1.00-107"  9.96-1072  3.622-10"2  4.428-1072
5.00-107%  4.91-107'  5.056-1072  6.127-1072
1.00-10° 9.62-107"  5.828-1072  6.436-1072
1.00-10'  1.85-10° 6.569-1072  6.602-1072
5.00-10%  2.31-10°  6.608-1072  6.639-1072
1.00-10>  3.03-10°  6.650-1072  6.674-1072
1.50-10>  3.95-10°  6.687-1072  6.701-1072
2.00-10> 5.13-10° 6.719-1072  6.722-1072
3.00-10° 8.58-10°  6.776-1072  6.750-1072

TABLE A.21.: Artificial MPTA data (n®?), and Langmuir fit (n”) for Cg at
423 K.
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TABLE A.22.:

TABLE A.23.:

(n) for Cg at

P (bar) f (bar)  n*P (%"l) nt (%"l)
1.00-107% 1.00-10% 8.679-10% 4.431-107%
5.00-107%  5.00-1072  1.274-1072  2.158-1073
1.00-1072 1.00-1072  1.505-1072  4.179-1073
2.00-1072 2.00-1072 1.768-1072  7.861-1073
3.00-1072 3.00-1072 1.943-1072  1.113-1072
4.00-1072 4.00-1072  2.087-1072  1.405-1072
5.00-1072 4.99-1072  2.202-1072  1.668-1072
6.00-1072 5.99-1072  2.291-1072  1.905-1072
7.00-1072 6.99-1072 2.378-1072  2.121-1072
8.00-1072 7.98-1072 2.462-1072  2.317-1072
9.00-1072 8.98-1072  2.523-1072  2.498-1072
1.00-107'  9.97-1072  2.604-1072  2.663-1072
5.00-107%  4.93-107'  3.790-1072  5.098-1072
1.00-10° 9.73-107!  4.428-1072  5.755-1072
1.00-10'  4.83-10° 6.334-1072  6.437-1072
5.00-10'  6.03-10°  6.394-1072  6.476-1072
1.00-10> 7.85-10°  6.455-1072  6.512-1072
1.50-10> 1.01-10"  6.507-1072  6.539-1072
2.00-10> 1.30-10"  6.552-1072  6.560-1072
3.00-102 2.10-10%  6.627-1072  6.589-1072
Artificial MPTA data (n®?), and Langmuir fit
473 K.

P (bar) f (bar) ncrr (%"l) nt (%Ol)
1.00-107% 1.00-10% 3.618-10% 1.158-107%
5.00-107%  5.00-107%  5.750-107%  5.748-107*
1.00-1072 1.00-1072  7.056-1072  1.139-1073
2.00-1072 2.00-1072  8.647-1073  2.237-1073
3.00-1072 3.00-1072  9.730-1073  3.296-1073
4.00-1072 4.00-1072  1.057-1072  4.319-1073
5.00-1072  5.00-1072  1.130-1072  5.306-1073
6.00-1072 6.00-1072  1.190-1072  6.260-1073
7.00-1072 6.99-1072  1.244-1072  7.183-1073
8.00-1072 7.99-1072 1.294-1072  8.075-1073
9.00-1072 8.99-102 1.340-1072  8.939-107%
1.00-107' 9.99-1072  1.380-1072  9.776-1073
5.00-1071 4.96-107'  2.191-1072  2.998-107?

1.00-10° 9.85-107'  2.665-1072  4.043.1072

1.00-10"  857-10°  4.850-1072  5.885-1072
5.00-10%  1.99-10! 5.841-1072  6.090-1072

1.00-10> 2.66-10"  5.988-1072  6.131-1072

1.50-10>  3.43-10°  6.090-1072  6.158-1072
2.00-10>  4.36-10"  6.171-1072  6.179-1072
3.00-10> 6.84-10"  6.297-1072  6.206-1072

Artificial MPTA data (n?), and Langmuir fit (n’) for Cg at
573 K
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P (bar) f (bar)  n°*P (%"l) nt (%‘”)
1.00-103 1.00-107%  4.124-10"2  3.941-1072
2.00-107% 2.00-1072  4.525-1072  4.656-1072
3.00-10% 3.00-103  4.776-1072  4.955-1072
4.00-107% 4.00-107%  4.928-1072  5.119-1072
5.00-107 5.00-107®  5.078-1072  5.224-1072
1.00-1072  9.35-107  5.504-1072  5.429.1072
2.00-1072 9.35-107%  5.504-1072  5.429-1072
3.00-1072 9.36-102  5.504-1072  5.429-1072
4.00-1072 9.36-102  5.504-1072  5.429.1072
5.00-1072 9.36-107®  5.504-1072  5.429-1072
7.50-1072 9.36-107%  5.504-1072  5.429.1072
1.00-107'  9.36-107%  5.504-1072  5.429.1072
5.00-107"  9.39-102  5.504-1072  5.430-1072
1.00-10° 9.43-10®  5.505-1072  5.431-1072
1.00-10'  1.01-1072  5507-1072  5.448.1072
5.00-10% 1.39-1072 5.518-10"2  5.511-1072
1.00-10> 2.07-1072  5.531-1072  5.567-1072
1.50-10%> 3.07-1072  5.543-1072  5.605-1072
2.00-10° 4.55-1072  5.554-1072  5.631-1072
3.00-10° 9.91-1072 5.574-1072  5.661-1072

TABLE A.24.: Artificial MPTA data (n®?), and Langmuir fit (n”) for Cyg at
323 K.

P (bar) f (bar) ncP (%"l) nt (%"l)
1.00-103 1.00-10°  2.715-1072  1.746-1072
2.00-107% 2.00-107%  3.010-1072  2.650-1072
3.00-107% 3.00-1072 3.207-1072  3.202-1072
4.00-107% 4.00-1072  3.354-1072  3.575-1072
5.00-10 5.00-107%  3.454-1072  3.843-1072
1.00-1072 9.99-10%  3.846-1072  4.522-.1072
2.00-1072 2.00-1072  4.287-1072  4.960-1072
3.00-1072 2.99-1072  4.535-1072  5.126-1072
4.00-1072 3.99-1072  4.732-1072  5.212-1072
5.00-1072  4.98-1072  4.926-1072  5.266-1072
7.50-1072 7.45-1072  5.222-1072  5.339-1072
1.00-107'  9.66-1072  5.396-10"2  5.374-1072
5.00-107"  9.68-1072  5.396-1072  5.374-1072
1.00-10° 9.72-1072  5.396-1072  5.374-1072
1.00-10'  1.04-107!  5.400-1072  5.382-1072
5.00-10% 1.38-107'  5.416-1072  5.409-1072
1.00-10> 1.97-107"  5.434-1072  5.434-1072
1.50-10> 2.81-107" 5.451-1072  5.451-1072
2.00-10> 3.99-107'  5.466-10"2  5.464-1072
3.00-10> 7.98-107'  5.493-1072  5.478-1072

TABLE A.25.: Artificial MPTA data (n?), and Langmuir fit (n’) for Cyo at
373 K.
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TABLE A.26.:

TABLE A.27.:

P (bar) f (bar)  n*P (%"l) nt (%"l)
1.00-10° 1.00-10™%  1.790-1072  5.298-107%
2.00-107% 2.00-1072  2.030-1072  9.649-1073
3.00-107% 3.00-103  2.174-1072  1.329-1072
4.00-107% 4.00-107%  2.315-1072  1.637-1072
5.00-107 5.00-107®  2.410-1072  1.903-1072
1.00-1072 9.99.-107%  2.701-1072  2.814-1072
2.00-1072 2.00-1072  3.038-1072  3.701-1072
3.00-1072 3.00-1072  3.276-1072  4.135-1072
4.00-1072 3.99-1072  3.422-1072  4.393-1072
5.00-1072 4.99-1072  3.565-1072  4.563-1072
7.50-1072 7.47-1072  3.807-107%  4.813-1072
1.00-1071  9.94-1072  3.999-1072  4.948.1072
5.00-107%  4.85-107'  5.245-1072  5.305-1072
1.00-10° 5.12-107!  5.272-1072  5.311-1072
1.00-10'  5.44-107!  5277-1072  5.316-1072
5.00-10'  7.11-107'  5.300-1072  5.337-1072
1.00-10> 9.88-107'  5.326-1072  5.356-1072
1.50-10> 1.37-10°  5.349-1072  5.370-1072
2.00-10> 1.88-10° 5.370-1072  5.380-1072
3.00-102 3.54-10°  5.406-1072  5.392-1072
Artificial MPTA data (n®*?), and Langmuir fit (n) for Cyo at
423 K.

P (bar) f (bar) ncrr (%"l) nt (%Ol)
1.00-107% 1.00-107% 1.226-1072  1.086-107°
5.00-107%  5.00-1072  1.651-1072  5.018-1073
1.00-1072 1.00-1072  1.926-1072  9.168-1073
2.00-1072 2.00-1072  2.206-1072  1.563-1072
3.00-1072 3.00-1072  2.353-1072  2.043-1072
4.00-1072 3.99-1072  2.492-1072  2.414-1072
5.00-1072  4.99-1072  2.628-1072  2.709-1072
6.00-1072 5.99-1072 2.721-1072  2.950-1072
7.00-1072 6.98-1072  2.774-1072  3.149-1072
8.00-1072 7.97-1072 2.864-1072  3.317-1072
9.00-1072 8.97-1072 2.914-1072  3.461-1072
1.00-107'  9.96-1072  3.002-102  3.586-1072
5.00-107"  4.89-107!  4.075-1072  4.837-1072

1.00-10° 9.58-10"'  4.593-1072  5.058-1072

1.00-10'  1.82-10° 5.135-1072  5.175-1072
5.00-10%  2.36-10°  5.169-1072  5.205-1072

1.00-10> 3.22-10° 5.205-1072  5.233-1072

1.50-10>  4.37-10°  5.236-1072  5.253.1072
2.00-10>  5.90-10° 5.264-1072  5.268-1072
3.00-10>  1.06-10* 5.311-1072  5.287-1072

Artificial MPTA data (n®?), and Langmuir fit (n’) for Cyq at

473 K.
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P (bar) f (bar)  n°*P (%"l) nt (%‘”)
1.00-107% 1.00-10°  5.778-107°  3.296-107*
5.00-107% 5.00-107%  8.439-107  1.607-1073
1.00-1072 1.00-1072 9.841-10%  3.115-1073
2.00-1072 2.00-1072 1.161-1072  5.870-1073
3.00-1072 3.00-1072 1.287-1072  8.324-1073
4.00-1072 4.00-1072  1.377-1072  1.052-1072
5.00-1072 4.99-1072  1.459-1072  1.251-1072
6.00-1072 5.99-1072  1.512-1072  1.431-1072
7.00-1072 6.99-1072  1.586-1072  1.594-1072
8.00-1072 7.99-1072 1.633-1072  1.744-1072
9.00-1072 8.98-1072 1.678-1072  1.881-1072
1.00-1071 9.98-1072 1.721-1072  2.008-1072
5.00-107%  4.94-107'  2.509-1072  3.891-1072
1.00-10°  9.77-107!  2.943-1072  4.408-1072
1.00-10'  7.76-10°  4.664-1072  5.003-1072
5.00-10%  1.11-10% 4.843-1072  5.032-1072
1.00-10> 1.51-10' 4.919-1072  5.051-1072
1.50-10> 2.02-10'  4.977-1072  5.063-1072
2.00-102  2.67-10* 5.025-1072  5.073-1072
3.00-10%2  4.54-10! 5.102-1072  5.085-1072

TABLE A.28.: Artificial MPTA data (n®?), and Langmuir fit (n”) for Cyg at
573 K

exp [ mmol L ( mmol

P (bar) f (bar) n (—g ) n (—g )
1.00-107% 1.00-107% 3.388-10"2  3.159-1072
2.00-107* 2.00-10™*  3.656-10"2  3.745.1072
3.00-107* 3.00-10™*  3.820-1072  3.992-1072
4.00-107* 4.00-107*  3.943-1072  4.128-1072
5.00-107* 5.00-107* 4.046-1072  4.214-1072
1.00-1073 1.00-10%  4.355-1072  4.398-1072
2.00-103 1.38-103  4.509-1072  4.451-1072
3.00-107® 1.38-107% 4.509-1072  4.451-1072
4.00-107% 1.38-107%  4.509-1072  4.451-1072
5.00-103 1.38-107%  4.509-1072  4.451-1072
7.50-107% 1.38-107%  4.509-1072  4.451-1072
1.00-1072 1.38-103  4.509-10"2  4.451-1072
5.00-1072 1.39-107%  4.509-1072  4.452-1072
1.00-107* 1.39-107%  4.509-1072  4.452-.1072
1.00-10° 1.40-10™®  4.509-10"2  4.453-1072
5.00-101 2.24-107®  4.519-1072  4.506-1072
1.00-10%> 3.63-107%  4.528-1072  4.541-1072
1.50-10% 5.85-107%  4.536-1072  4.562-1072
2.00-10° 9.41-107%  4.544-1072  4.576-1072
5.00-102 1.58-107'  4.581-1072  4.597-1072

TABLE A.29.: Artificial MPTA data (n?), and Langmuir fit (n’) for Cq2 at
323 K.
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TABLE A.30.:

TABLE A.31.:

P (bar) f (bar)  n*P (%"l) nt (%"l)
1.00-107* 1.00-107% 2.241-107%2 1.223-107?
2.00-107* 2.00-107* 2.444-1072  1.926-1072
3.00-107* 3.00-107* 2.584-1072  2.382-1072
4.00-107* 4.00-107*  2.666-1072  2.703-1072
5.00-107% 5.00-107*  2.747-1072  2.940-1072
1.00-107® 1.00-10™%  3.009-10"2  3.567-1072
2.00-107% 2.00-107®  3.292-1072  3.992-107?
3.00-107% 3.00-103  3.473-1072  4.158-1072
4.00-107% 4.00-107%  3.595-1072  4.245-1072
5.00-107% 5.00-10  3.696-1072  4.300-1072
7.50-107%  7.49.-107%  3.898-1072  4.375-1072
1.00-1072 9.99-107%  4.040-107%2  4.413-1072
5.00-1072 2.16-1072  4.435-1072  4.477-1072
1.00-107Y 2.16-1072  4.435-107%2  4.477-1072
1.00-10° 2.18-1072  4.435-1072  4.477-1072
5.00-10" 3.33-1072 4.449-1072  4.496-1072
1.00-10®> 5.12-1072  4.462-1072  4.509-1072
1.50-10° 7.83-1072  4.473-1072  4.517-1072
2.00-10> 1.20-107"  4.484-1072  4.523-1072
5.00-10%  1.45-10°  4.533.1072  4.532.1072
Artificial MPTA data (n®*?), and Langmuir fit (n) for Cyy at
373 K.

P (bar) f (bar) ncrr (%"l) nt (%Ol)
1.00-107% 1.00-107%  2.099-102  1.140-107?
2.00-107% 2.00-1073  2.318-1072  1.818-1072
3.00-107% 3.00-1072  2.457-1072  2.267-1072
4.00-1073 4.00-1072  2.575-1072  2.587-1072
5.00-1072 5.00-10  2.655-1072  2.826-1072
1.00-1072 9.99-107%  2.933-1072  3.466-1072
2.00-1072 2.00-1072  3.249-1072  3.909-1072
3.00-1072 2.99-1072  3.447-1072  4.083-1072
4.00-1072 3.99-1072  3.587-1072  4.176-1072
5.00-1072 4.98-1072  3.706-1072  4.234-1072
7.50-1072 7.45-1072  3.924-1072  4.313-1072
1.00-107Y 9.91-1072 4.083-1072  4.354-1072
5.00-1071 1.55-107'  4.351-1072  4.400-1072

1.00-10° 1.56-107"  4.351-1072  4.400-1072

1.00-10'  1.67-107!  4.355-1072  4.406-1072
5.00-10%  2.30-107%  4.370-1072  4.427-1072

1.00-10> 3.41-107"  4.388-1072  4.445-1072

1.50-10%> 5.02-107"  4.404-107%2  4.457-1072
2.00-10> 7.37-107"  4.418-107%  4.465-1072
5.00-10>  7.00-10°  4.483-1072  4.481-1072

Artificial MPTA data (n®?), and Langmuir fit (n’) for Cyy at

423 K.
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P (bar) f (bar)  n°*P (%"l) nt (%‘”)
1.00-10 1.00-10™%  1.473-1072  2.052-107°
5.00-107%  5.00-1072 1.936-1072  8.653-1073
1.00-1072 9.99-107%  2.169-1072  1.447-1072
2.00-1072 2.00-1072 2.422-1072  2.181-1072
3.00-1072 2.99-1072  2.595-1072  2.624-1072
4.00-1072 3.99-1072  2.713-1072  2.921-1072
5.00-1072 4.99-1072 2.810-1072  3.134-107?
6.00-1072 5.98-1072  2.906-1072  3.294-1072
7.00-1072 6.97-1072  2.966-1072  3.419-1072
8.00-1072 7.96-1072 3.042-1072  3.518-1072
9.00-1072 8.95-1072  3.100-1072  3.600-1072
1.00-107'  9.94-1072  3.157-1072  3.668-1072
5.00-1071  4.85-107'  4.051-1072  4.248-1072
1.00-10°  6.59-107!  4.254-1072  4.294-1072
1.00-10'  7.06-107!  4.259-1072  4.303-1072
5.00-10%  9.53-107  4.282-1072  4.334-.1072
1.00-10> 1.38-10°  4.306-1072  4.363-1072
1.50-10% 1.98-10°  4.327-1072  4.382-1072
2.00-10° 2.82-10°  4.346-1072  4.396-1072
5.00-10%2  2.23-10! 44281072 4.424-1072

TABLE A.32.: Artificial MPTA data (n®?), and Langmuir fit (n) for Cyp at
473 K.

P (bar) f (bar) ncP (%"l) nt (%"l)
1.00-107° 1.00-10°  7.539-107°  5.186-107*
5.00-10% 5.00-107®  1.047-1072  2.474-1073
1.00-1072 1.00-1072  1.210-1072  4.678-1073
2.00-1072 2.00-1072  1.393-1072  8.438-1073
3.00-1072 3.00-1072  1.506-1072  1.153-1072
4.00-1072 4.00-1072  1.597-1072  1.411-1072
5.00-1072  4.99-1072  1.670-1072  1.630-1072
6.00-1072 5.99-1072 1.727-1072  1.818-1072
7.00-1072 6.98-1072  1.782-1072  1.981-1072
8.00-1072 7.98-1072 1.835-1072  2.125-1072
9.00-1072 8.97-1072 1.874-1072  2.251-1072
1.00-107' 9.97-1072  1.912-1072  2.364-1072
5.00-107%  4.92-107'  2.627-1072  3.695-1072
1.00-10° 9.67-10°*  3.008-1072  3.974-1072
1.00-10'  4.59-10°  4.018-1072  4.236-1072
5.00-10%  6.17-10°  4.067-1072 = 4.255.1072
1.00-10> 8.73-10°  4.114-1072  4.272-1072
1.50-10% 1.22-10'  4.152-1072  4.283-1072
2.00-10> 1.68-10"  4.184-1072  4.291-1072
5.00-10° 1.03-102  4.312-1072  4.309-1072

TABLE A.33.: Artificial MPTA data (n?), and Langmuir fit (n’) for Cy2 at
573 K
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TABLE A.34.:

TABLE A.35.:

P (bar) f (bar)  n*P (%"l) nt (%"l)
1.00-10°® 1.00-10° 2.363-1072 1.902-1072
2.00-107% 2.00-10°° 2.509-1072  2.395-1072
3.00-10°% 3.00-10% 2.596-1072  2.621-1072
4.00-10°% 4.00-10® 2.655-1072  2.751-1072
5.00-107% 5.00-10°® 2.713-1072  2.835-1072
1.00-107° 1.00-107® 2.874-1072  3.021-1072
2.00-107® 2.00-107° 3.035-1072  3.123-1072
3.00-10™® 3.00-107° 3.137-1072  3.158-1072
4.00-107° 3.79-107°  3.202-1072  3.173-1072
5.00-107° 3.79-107°  3.202-1072  3.173-1072
7.50-107° 3.79-107°  3.202-1072  3.173-1072
1.00-107* 3.79-10™°  3.202-1072  3.173-1072
5.00-107* 3.79-107° 3.202-1072  3.173-1072
1.00-1072 3.80-10™° 3.202-1072  3.173-1072
1.00-10° 3.85-107° 3.203-1072  3.174-1072
5.00-10% 7.44-107° 3.208-1072  3.202-1072
1.00-10®> 1.45-107* 3.213-1072  3.216-1072
1.50-10%> 2.84-107* 3.218-1072  3.224-1072
2.00-10> 5.52-107* 3.223-1072  3.228-1072
3.00-102 2.08-107% 3.231-1072  3.231-1072
Artificial MPTA data (n®*?), and Langmuir fit (n) for Cy6 at
323 K.

P (bar) f (bar) ncrr (%"l) nt (%Ol)
1.00-10™ 1.00-10™° 1.973-1072  7.352-107%
2.00-107® 2.00-107°  2.117-1072  1.197-1072
3.00-107° 3.00-107°  2.204-1072  1.514-1072
4.00-10™° 4.00-107° 2.261-1072  1.745-1072
5.00-107° 5.00-10™°  2.319-1072  1.921-1072
1.00-10™* 1.00-107* 2.478-1072  2.406-1072
2.00-107* 2.00-107* 2.651-1072  2.754-1072
3.00-107* 3.00-107* 2.752-1072  2.893-1072
4.00-107* 4.00-107* 2.838-1072  2.968-1072
5.00-107* 5.00-107*  2.896-1072  3.015-1072
7.50-107* 7.50-107*  3.011-1072  3.080-1072
1.00-107% 1.00-10% 3.097-1072 3.114-1072
5.00-107%  1.28-107%  3.163-1072  3.136-1072
1.00-107' 1.28-107%  3.163-1072  3.136-1072
1.00-10° 1.29-10®  3.163-1072  3.137-1072
5.00-10% 2.32-107% 3.171-1072  3.173-1072
1.00-10> 4.20-107%  3.178-1072  3.194-1072
1.50-10%> 7.58-107%  3.185-1072  3.205-1072
2.00-10° 1.36-1072 3.191-1072  3.211-1072
5.00-10° 4.42-107  3.219-1072  3.219-1072

Artificial MPTA data (n®?), and Langmuir fit (n’) for Cy6 at

373 K.
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P (bar) f (bar)  no*P (%"l) nt (%’)l)
1.00-10° 1.00-107® 1.363-1072 1.412-107°
2.00-107° 2.00-107° 1.477-1072 2.704-1073
3.00-107°® 3.00-107° 1.548-1072 3.891-1073
4.00-107° 4.00-107° 1.604-1072 4.986-1073
5.00-107° 5.00-107° 1.647-1072 5.998-1073
1.00-107* 1.00-107* 1.775-1072  1.010-1072
2.00-107* 2.00-107* 1.917-1072 1.534-1072
3.00-107* 3.00-107* 2.016-1072  1.855-1072
4.00-107* 4.00-107* 2.073-1072 2.072-1072
5.00-107* 5.00-107% 2.130-1072 2.229-1072
7.50-107% 7.50-107% 2.229-1072 2.478-.1072
1.00-1073 1.00-10% 2.300-1072  2.625-1072
5.00-107%  5.00-107% 2.755-1072  3.060-1072
1.00-107* 1.60-107%2 3.118-1072  3.150-1072
1.00-10° 1.61-1072 3.118-1072 3.150-1072
5.00-10'  2.75-1072  3.129-1072  3.167-1072
1.00-10> 4.70-1072 3.139-1072  3.178-1072
1.50-10%2 8.02-1072 3.148-1072 3.184-1072
2.00-10° 1.36-107' 3.156-1072  3.187-1072
5.00-10%>  3.08-10°  3.192-1072  3.192-1072

TABLE A.36.: Artificial MPTA data (n®?), and Langmuir fit (n”) for Cy4 at
423 K.

P(bar) f(bar) nerr (%Ol) nt (%01)
1.00-10™ 1.00-10° 9.631-10° 4.409-1077
2.00-107° 2.00-107° 1.047-107%2 8.697-107*
3.00-10"® 3.00-107° 1.103-1072 1.287-1073
4.00-10™ 4.00-107° 1.145-1072 1.693-1073
5.00-107° 5.00-107° 1.173-1072 2.088-1073
1.00-107* 1.00-107* 1.285-1072 3.918-1073
2.00-107* 2.00-107* 1.410-107%2 6.972-107°
3.00-107* 3.00-107* 1.480-1072 9.420-1073
4.00-107* 4.00-10™* 1.536-1072 1.143-1072
5.00-10* 5.00-107% 1.578-10"2 1.310-1072
7.50-107* 7.50-107% 1.662-1072 1.628-1072
1.00-107% 1.00-107% 1.731-1072  1.853-1072
5.00-107% 5.00-107® 2.109-1072 2.771-1072
1.00-107' 9.89-1072 3.046-1072 3.141-1072

1.00-10° 1.04-107!' 3.067-1072 3.143-1072
5.00-10% 1.71-107% 3.082-1072  3.151-1072
1.00-102 2.81-107" 3.096-1072  3.156-1072
1.50-10> 4.60-107*  3.107-1072  3.159-1072
2.00-10° 7.47-107' 3.118-1072  3.161-1072
5.00-10° 1.28-10"  3.164-1072  3.164-1072

TABLE A.37.: Artificial MPTA data (n?), and Langmuir fit (n’) for Cy6 at
473 K.
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TABLE A.38.:

P (bar) f (bar)  n°*P (%"l) nt (%"l)
1.00-10° 1.00-10™° 4.832-10%  9.211-107°
2.00-107® 2.00-107° 5.372-107%  1.837-107*
3.00-107° 3.00-107°  5.766-1073  2.747-107*
4.00-107° 4.00-107°  6.033-107%  3.652-107*
5.00-107° 5.00-10°  6.291-1073  4.552-107%
1.00-107* 1.00-107*  6.970-107%  8.971-107*
2.00-107* 2.00-107* 7.772-107%  1.744-1073
3.00-107* 3.00-107* 8.303-107%  2.544-1073
4.00-107* 4.00-10*  8.590-10  3.302-1073
5.00-107% 5.00-107* 8.975-1073  4.020-1073
7.50-107* 7.50-107*  9.520-107®  5.663-1073
1.00-107% 1.00-10% 9.928-107%  7.118-1073
5.00-107%  5.00-1072  1.274-1072  1.855-1072
1.00-107  9.94-1072  2.024-1072  3.000-1072
1.00-10° 9.39-107!  2.828-1072  3.090-1072
5.00-10'  1.97-10° 2.972-1072  3.096-1072
1.00-10>  3.08-10°  2.996-1072  3.098-1072
1.50-102  4.76-10°  3.015-1072  3.099-1072
2.00-10> 7.30-10°  3.033-1072  3.100-1072
5.00-102  8.49-10! 3.102-1072  3.101-1072

Artificial MPTA data (nP),

573 K

and Langmuir fit (n) for Cy6 at
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