Hindawi

Geofluids

Volume 2021, Article ID 2435930, 18 pages
https://doi.org/10.1155/2021/2435930

Research Article

WILEY | Hindaw

Nanopore Confinement Effect on the Phase Behavior of
CO,/Hydrocarbons in Tight Oil Reservoirs considering Capillary
Pressure, Fluid-Wall Interaction, and Molecule Adsorption

Zhixue Zheng®,"> Yuan Di(®,"? and Yu-Shu Wu’

College of Engineering, Peking University, Beijing 100871, China
2Institute of Energy, Peking University, Beijing 100871, China
’Department of Petroleum Engineering, Colorado School of Mines, Golden CO 80401, USA

Correspondence should be addressed to Yuan Di; diyuan@mech.pku.edu.cn
Received 8 July 2021; Revised 25 July 2021; Accepted 9 August 2021; Published 21 August 2021
Academic Editor: Steffen Berg

Copyright © 2021 Zhixue Zheng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The pore sizes in tight reservoirs are nanopores, where the phase behavior deviates significantly from that of bulk fluids in
conventional reservoirs. The phase behavior for fluids in tight reservoirs is essential for a better understanding of the
mechanics of fluid flow. A novel methodology is proposed to investigate the phase behavior of carbon dioxide
(CO,)/hydrocarbons systems considering nanopore confinement. The phase equilibrium calculation is modified by coupling
the Peng-Robinson equation of state (PR-EOS) with capillary pressure, fluid-wall interaction, and molecule adsorption. The
proposed model has been validated with CMG-Winprop and experimental results with bulk and confined fluids. Subsequently,
one case study for the Bakken tight oil reservoir was performed, and the results show that the reduction in the nanopore size
causes noticeable difference in the phase envelope and the bubble point pressure is depressed due to nanopore confinement,
which is conductive to enhance oil recovery with a higher possibility of achieving miscibility in miscible gas injection. As the
pore size decreases, the interfacial tension (IFT) decreases whereas the capillary pressure increases obviously. Finally, the
recovery mechanisms for CO, injection are investigated in terms of minimum miscibility pressure (MMP), solution gas-oil
ratio, oil volume expansion, viscosity reduction, extraction of lighter hydrocarbons, and molecular diffusion. Results indicate
that nanopore confinement effect contributes to decrease MMP, which suppresses to 650 psi (65.9% smaller) as the pore size
decreases to 2 nm, resulting in the suppression of the resistance of fluid transport. With the nanopore confinement effect, the
CO, solution gas-oil ratio and the oil formation volume factor of the oil increase with the decrease of pore size. In turn, the oil
viscosity reduces as the pore size decreases. It indicates that considering the nanopore confinement effect, the amount of gas
dissolved into crude oil increases, which will lead to the increase of the oil volume expansion and the decrease of the viscosity
of crude oil. Besides, considering nanopore confinement effect seems to have a slightly reduced effect on extraction of lighter
hydrocarbons. On the contrary, it causes an increase in the CO, diffusion coefficient for liquid phase. Generally, the nanopore
confinement appears to have a positive effect on the recovery mechanisms for CO, injection in tight oil reservoirs. The
developed novel model could provide a better understanding of confinement effect on the phase behavior of nanoscale porous
media in tight reservoirs. The findings of this study can also help for better understanding of a flow mechanism of tight oil
reservoirs especially in the case of CO, injection for enhancing oil recovery.

1. Introduction

According to the predictions, global energy demand is pro-
jected to grow by about a third by 2040, particularly in India,
China, and across Asia [1]. Tight oil reservoirs have been
increasingly concerned due to its abundant reserves, huge

development, and utilization potential. As illustrated in
EIA’s crude oil production forecast graph from 2020 annual
report, tight oil in the United States is predicted to increase
the total amount of crude oil production by 160% from
2010 to 2050. Tight oil production will more than double
from 2015 to 2040 as shown in Figure 1 [2]. To meet oil
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FiGuRre 1: Historical and projected sources of crude oil and natural gas in the US (EIA, 2020).

demand, substantial ongoing investment in tight oil reser-
voir development will be required.

Despite horizontal drilling and multistage hydraulic
fracturing technologies achieving tremendous success for
economic development of tight oil reservoirs, the oil indus-
try still faces challenges such as low oil recovery and rapidly
declining production rate due to unknown fluid phase
behavior and recovery mechanisms in tight oil reservoirs
accurately [3-6]. Therefore, understanding the phase behav-
ior for fluids in nanopores is essential for a better developing
tight oil reservoirs and predicting well performance.

The pore sizes in tight reservoirs are nanopores, where
the phase behavior deviates significantly from that of bulk
fluids in conventional reservoirs [7-9]. Wang et al. [10]
conducted nanofluidic device experiments with pure alkane
and showed that the vaporization of the liquid phase in
nanochannels is obviously suppressed compared to that in
microchannels. Nojabaei et al. [11] found that the PVT
properties of crude oil were significantly different under
the two conditions comparing the PVT properties of crude
oil in a PVT cylinder with those in nanoscale porous media.
Luo et al. [12, 13] studied nanopore confinement effect using
differential scanning calorimetry (DSC) and found that the
bubble point alteration is significant when the pore size
under 4.1 nm. Pinho et al. [14] introduced a novel technique
to conduct a microfluidic multicomponent phase behavior
and showed that multicomponent P-T diagrams are altered
under nanopore confinement effect. Other experimental
techniques including temperature-programmed desorption
(TPD) [15], neutron diffraction [16], volumetric measure-
ment [17], X-ray diffraction [18], scanning electron micro-
scope (SEM) [19], and micro-CT scanning [20] also have
found similar phenomena in nanopores. All these experi-
ments showed that nanoscale interaction had a remarkable
effect on the gas-liquid equilibrium of hydrocarbon compo-
nents, but the results were influenced by experimental mate-
rials, and there were few experimental studies on the phase
behavior in nanopores with a radius smaller than 50 nm
was present in the literature due to the unconventional char-
acteristics of tight oil reservoirs and the limitations of labo-
ratory equipment. Molecular simulation is also widely used

to investigate the fluid phase behavior under nanopore
confinement. Wang et al. [21] presented Monte Carlo simu-
lation (MC) to investigate the adsorption behavior of pen-
tane, heptane, and their mixtures in slit-nanopores and
found that multiple adsorption layers properties depend on
pore size and fluid compositions. Jin and Firoozabadi [22]
analyzed the effect of pore size distribution by gauge-
GCMC simulation and revealed that fluids in tiny pores con-
dense before that in large pores, and the shift of the phase
diagram would increase with the proportion of small pores.
Despite these simulation studies providing details of the
behavior of confined fluids, it is not applicable to employ
the molecular simulation method to analyze the nanopore
confinement effect on the phase behavior at an engineering
scale due to their high computation costs. Therefore,
researchers have focused on developing thermodynamics
models to characterize the fluid phase behavior of confined
tight oil reservoirs.

The equation of state (EOS) is one of the most used
approaches in thermodynamics models, and it has accom-
plished a huge success in modeling bulk phase behavior.
Recently, experimental and theoretical studies have shown
the existence of capillary pressure effect in nanopores. In
an effort to consider the nanopore confinement effect on
the phase behavior in tight oil reservoirs, Zhang et al. [23]
modified flash calculation with capillary pressure and per-
formed the studies of the phase behavior of CO,/hydrocar-
bons systems in Bakken formations, and the results
indicated that the capillary pressure effect cannot be
neglected in nanopores. MMP of CO, injection decreases
with the capillary pressure effect, resulting in the suppres-
sion of the resistance of fluid transport. Li and Sheng [24]
performed the phase equilibrium of Wolfcamp shale reser-
voir by coupling Peng-Robinson equation of state (PR-
EOS) with capillary pressure and shifted critical properties,
and results presented that nanopore confinement narrowed
the two-phase region and decreased the interfacial tension.
The confined space in tight oil reservoirs causes the molecu-
lar radius to be comparable to the pore size, and the interac-
tion between the fluid molecular and pore wall strengthens
to a point that cannot be ignored. Yang et al. [25] recently
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revealed the size effect of the solid-liquid interface energy
and found that the mechanical action of the solid-liquid
interface plays an important role in capillary condensation
under nanometer or subnanometer scale, rather than the
gas-liquid interface, which is generally believed to play a
dominant role. In order to consider the influence of the
interaction between the fluid and pore wall on the phase
equilibrium, Travalloni et al. [26] proposed a modified PR-
EOS considering both molecule-molecule and molecule-
wall interaction and claimed that the molecule-wall interac-
tion cannot be negligible. Yang et al. [27] extended PR-EOS
by introducing a new term representing the molecule-wall
interaction and showed that the molecule-wall interaction
causes a significant alteration of the two-phase region.
Adsorption has been an important factor in studying the
fluid phase behavior under nanopore confinement. Dong
et al. [28] coupled the multicomponent potential theory of
adsorption with PR-EOS to investigate the fluid phase
behavior of pure hydrocarbons and their mixtures in organic
slit-like and cylindrical nanopores and showed that adsorp-
tion played an important role in the fluid phase behavior.
Cui et al. [29] improved PR-EOS by reducing mole number
of fluids caused by adsorption. Sandoval et al. [30] explored
the adsorption effect on the fluid phase behavior in nano-
pores and incorporated the adsorption film thickness into
the calculation of the effective capillary radius. Song et al.
[31] introduced a novel method for describing fluid adsorp-
tion in nanopores by modifying the molar volume term in
PR-EOS and showed that adsorption induced critical shifts
of confined fluids in nanopores.

As mentioned above, nanopore confinement effects
including capillary pressure, fluid-wall interaction, and mol-
ecule adsorption cannot be ignored in porous media with
pore diameters less than 50nm and greater than 2nm
[32-34]. Although numerous models have been proposed
to explore the phase behavior in nanopores, they focused
on one or both aspects of nanoscale confinement [23-31],
and there still lack an accurate model that takes into account
capillary pressure, fluid-wall interaction, and adsorption
effect simultaneously. Additionally, despite methods being
there to investigate nanopore confinement effect, only a
few of them have studies the influence of nanopore confine-
ment effect on CO, injection recovery mechanisms in tight
oil reservoirs. Motivated by these points, a modified PR-
EOS model is established to study the fluid phase behavior
and recovery mechanisms in tight oil reservoirs for CO,
injection.

The rest of the paper is organized as follows. In Section
2, the methodology section illustrates the procedures of
model development by coupling fluid-wall interaction and
adsorption effect in the EOS and capillary pressure in the
flash calculation. Subsequently, the proposed model is vali-
dated with CMG-Winprop and experimental results with
bulk and confined fluids, and then, we performed to analyze
one case study from the Bakken tight oil reservoir at various
pore sizes in Section 3. In Section 4, based on the investiga-
tion of the phase behavior of tight oil with CO, injection
under different scenarios, the recovery mechanisms affected
by minimum miscible pressure (MMP), solution gas-oil

ratio, oil volume expansion, viscosity reduction, extraction
of lighter hydrocarbons, and molecular diffusion are studied
with respect to the confinement effect. At the end, summary
and conclusions are provided in Section 5 to give some sug-
gestions. The developed novel model provides a better
understanding of confinement effect on the phase behavior
in tight reservoirs and even nanoscale porous media. The
findings of this study can also help for better understanding
of the flow mechanism of tight oil reservoirs especially in the
case of CO, injection for enhancing oil recovery.

2. Materials and Methods

The fluid phase behavior in tight oil reservoirs is governed
by the interactions of fluid-fluid and fluid-wall interactions
within the confining geometry [11]. In the pore networks,
fluid molecules are usually adsorbed onto the pore wall
[35-37]. At large pore sizes, the number of molecules
adsorbed is negligible compared to the volume of the liquid.
When the pore size decreases further (<10 nm), the interac-
tion between molecules and pore walls of porous media is
significant [32]. Adsorption will be significant and greatly
reduces the number of fluid molecules in the free state which
then will affect the molecular molar volume. In the nano-
pores, the larger capillary pressure, van der Waals forces,
fluid-wall interaction, and adsorption effect lead to the devi-
ation of physical properties in the bulk fluid.

In this section, the methodology is introduced to
describe the nanopore confinement effect on the phase
behavior, and the PR-EOS and Rachford-Rice flash calcula-
tion are modified considering capillary pressure, fluid-wall
interaction, and adsorption effect.

2.1. Fluid-Wall Interaction. The original PR-EOS consists of
a repulsion pressure Pp and an attraction pressure P, as
follows [38]:

RT a
Pt = "V v, s+ b(V, < b)’ (1)
RT
Pr=v—p (2)
P _ a
ATTY V. tb)+b(V, - b) (3)

where P is the system pressure, R is the gas constant, T is the
system temperature, V,, is the molar volume, a represents
“attraction” parameter, and b is the van der Waals co-vol-
ume, which represent “repulsion” parameter.

In nanopores, in order to consider fluid-wall interaction
effect, we introduce a molecule-wall interaction pressure
term P, which plays a role of diminishing the attractive
component [25] into Equation (1) as follows:
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where c is the fluid-wall interaction effect coefficient.

2.2. Adsorption Effect. There are many models describing the
adsorption effect, such as ideal adsorbed solution theory,
multicomponent potential theory of adsorption, and Lang-
muir isothermal adsorption model [39-41]. For the sake of
incorporating the adsorption effect on nanopore confine-
ment conveniently, in this paper, the fluid molecules
adsorbed in the organic matters and pore walls are assumed
stationary, and adsorption leads to the reduction number of
movable fluid molecules, which in turn increases the effec-
tive mole volume of fluid molecules in the bulk phase [29].
An adsorption effect coefficient « is introduced into Equa-
tion (1) as follows:

RT a

:och—b_ (%)

p .
aV, (aV, +b)+b(aV,, —b)

2.3. The Modified PR-EOS. The original PR-EOS could be
modified by two parameters representing separately fluid-
wall interaction and adsorption effect. Then, the PR-EOS is
modified as follows:

P RT a-c
“aV,-b aV,(aV, +b)+b(aV, -b)

(6)

From Equation (6), it can be seen that when a =1 and
c=0, that is to say, fluid-wall interaction and adsorption
effect are not taken into account, the modified PR-EOS can
be reduced to original PR-EOS.

For the PR-EOS, the isotherm merely has a horizontal
tangent and inflection point at the critical point in the typi-
cal pressure-volume diagram [42]. This can be expressed
mathematically that the first and second derivatives of pres-
sure with respect to volume at a constant temperature are

equal to 0.
oP o*P
), \av) % 7
T=T, T=T

c

where T, represents the critical temperature.
Imposing Equation (7) on Equation (6) and parameters
a—c and b yields could be expressed by

RT.?
a-c=045724—C, (8)
P
c
RT
b=0.07780 —=. (9)
P

c

The details of “a— ¢ ” and “b” calculations are specified
in the Appendix. From Equations (6)-(9), the expressions
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of critical pressure and critical temperature can be obtained
as follows:

P =0013242"¢
cc =Y. 212
o?b (10)
Te.=0.17015% ¢
cem= abR’

where P and T are the critical pressure and critical
temperature determined by the modified PR-EOS.

The dimensionless shifts of critical pressure AP and crit-
ical temperature AT are defined as follows:

— 2 _
AP:PC Pcczmx a+c’ (11)
p. ao?
AT:TC_T“:WX_LHC, (12)
T, ax
24. Correlation for Critical Pressure and Critical

Temperature. Equations (11) and (12) exhibit that fluid-
wall interaction and adsorption effect influence the critical
pressure and critical temperature in nanopores. It has been
reported that the pore size r, and collision diameter oy
(Lennard-Jones molecular size parameter) are the important
factors on shifts of critical pressure and critical temperature
[27, 31]. The confined fluid critical pressure shift and critical
temperature shift for different components (CO,, CH,,
C,H,, C,H,, C,H,,, CiH,, and C,H,,) are collected from
references [43-51]. Then, the correlations between the shifts
of critical properties and the dimensionless pore size (r,/o; )
can be obtained and demonstrated in Figures 2(a) and 2(b).

As described in Figures 2(a) and 2(b), the correlations of
shifts of critical pressure and critical temperature with
dimensionless pore size are

r —0.6366
AP =0.9793 (—P> ,
O'L]

r —0.7708
AT =0.7597 <—P> ,
O'L]

(13)

where r,, is the radius of pore throat and o/ is the Lennard-

Jones molecular size parameter.

From Equations (11) and (12), both fluid-wall interac-
tion effect coeflicient o and adsorption effect coefficient ¢
can be calculated by shifts of critical pressure and tempera-
ture.

1-AT  1-0.7597(r,loy,
1-AP 1-0.9793(r /o))

) -0.7708

o -0.6366

(1- 0.7597(rp/aU)’WO*‘)2
)—0.6366

c=(1-a(l-AT))a= | 1-
1-0.9793(r /0y,



Geofluids

1.0
09 -
0.8 |
0.7 1
0.6 AP = 0.9793(r /o) 0636
o 0.5 1 .
0.4 ¢ R?=0.8120
0.3 .
0.2 1
0.1 ) *
0.0 —+—1r—"—"""""—""1"—1"—TT——
0 1 2 3 4 5 6 7 8 9 1011 12 13
r,/oy
COZ C41_110
CH, e CgHyp
* CyHyg —— Fitting curve

()

_ -0.7708
2 AP = 0.7597(r, /oy )
R?=0.9160
*
* >~ *
e NN
: *
. ® * «
0-0 T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30
1,/0y
CO, + CgHy,
CH, CgHyg
a GH, CioHp
* C,Hg —— Fitting curve

(®)

FiGure 2: (a) Correlation of shift of critical pressure and (b) correlation of shift of critical temperature with the dimensionless pore size.

2.5. Phase Equilibrium Calculation considering Capillary
Pressure, Fluid-Wall Interaction, and Molecule Adsorption.
According to the thermodynamic theory, for a system con-
taining N, components, the thermodynamic condition for
the phase equilibrium state is that when the temperature
and pressure of each phase are equal, the chemical potential
or fugacity of each component is equal.

fi(T.Ppx) = f (T, Py.y;)i=1,2, N
fi=xpiPy,
1 =y9! Py,

o

(15)

where f- and f} are fugacity of component i in the liquid and
vapor phases, respectively. x; and y, are the mole fraction of
component i in the liquid and vapor phases, respectively. P,
and Py, are the liquid and vapor pressures, respectively. ¢F
and ¢, are the fugacity coefficient of component i in the liquid
and vapor phases. N is the number of components.

According to the mass balance equation, Rachford and
Rice [52] proposed an isothermal flash calculation method
to determine the equilibrium phase composition and mole
fraction of the component in the liquid and gas phases.
The mass balance equation and Rachford-Rice equation
are presented in

Z
Z

-

N, (16)

T
®
I
T
=
I
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I
—
>

% —0i=1,2,--,N,
1+ny(K;-1) ¢

where z; is the overall mole fraction of component i. ny, is
overall number of moles in vapor phase. K; is phase equilib-
rium ratio of component i.

The difference between liquid pressure and vapor pres-
sure is defined as capillary pressure P, which is calculated

by the Young-Laplace equation [53]:

20 cos 0
P, =P,-P=""""
Tp

(19)

where 6 is the contact angle. r, is the radius of pore throat. o
is the interfacial tension which can be calculated by

Macleod-Sugden correlation [54] as follows:

N 4

c

o= Z(pin[P],- =pyyilPl) |

i=1

(20)

where p; and p,, are the densities of liquid phase and vapor
phase, respectively. [P]. is the parachor of component i in the
liquid or vapor phase.

The formula of the compressibility factor in nanopores is
presented as follows:

oaPV
Z=—1 21
RT (21)

where Z is the compressibility factor.
Hence, rearranging Equation (6) into the compressibility
factor form rewrites

7’ - (1-B)Z* + (A-3B*-2B)Z - (AB-B* - B’) =0,
(22)
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Since the pressures of the liquid and vapor phases are
not equal, Equation (21) can be separately rewritten for lig-
uid phase with the following:

Z,>-(1-By)Z,*+ (A -3B,*-2B,)Z, - (AB, - B, - B,*) =0,
(24)
where Z; is the compressibility factor of the liquid phase.
Similarly, for vapor phase is as follows:
Z,’ - (1-By)Z,” + (Ay - 3By* - 2By)Zy, - (AyBy - B,” - B,) =0,
(25)
where Z,, is the compressibility factor of the vapor phase.

The fugacity coefficient for the liquid and vapor phases
are defined by the following expressions:

b, A
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In

(26)

Hence, the liquid-vapor phase equilibrium accounting
for the capillary pressure effect can be obtained using the
aforementioned equations. Successive substitution and
Newton-Raphson method are applied for solving nonlinear
equations. Figure 3 demonstrates the flow chart for the
phase equilibrium calculation with the nanopore confine-
ment effect considering capillary pressure, fluid-wall interac-
tion, and molecule adsorption.

Geofluids

3. Model Validation and Analysis

3.1. Model Validation. To validate the accuracy of modified
model considering capillary pressure, fluid-wall interaction,
and molecule adsorption effect, in this section, the developed
model results are compared with CMG-Winprop results and
experimental results. The phase equilibrium ratio (K-value)
of fluid components in Tahe Oilfield in China at T =
124.4°C and P =20.78 MPa is first calculated. The fluid type
in Tahe Oilfield is bulk fluids.

The predicted results and CMG-Winprop results are
summarized in Table 1. Furthermore, we calculate the phase
equilibrium ratio (K-value) of fluid components at T' = 344.8
K and P =61.8psi. The data from experimental studies are
reported in the literature [10], and the fluid type is confined
fluids. The predicted results and experimental results are
summarized in Table 2. The compared analysis indicates a
good agreement between the developed model data with
CMG-Winprop and experimental results. The average devi-
ation between the predicted K-value and CMG-Winprop
results is 2.71%, indicating that the modified model pro-
posed in this study can effectively predict the phase behavior
of fluids in bulk. The average deviation between the pre-
dicted K-value and experimental results is 1.02%. Compared
with the model only considering capillary pressure whose
average deviation is 2.78%, the error is more acceptable.

3.2. Nanopore Confinement Effect on Phase Behavior of
Fluids in Bakken Tight Oil Reservoir. The Bakken tight oil
reservoir is one of the largest tight oil resources in the world,
with total daily production exceeding 19 x 104t. In this
study, we investigate the nanopore confinement effect on
the phase behavior of a typical fluid in Bakken tight oil res-
ervoirs. The composition and physical property parameters
of crude oil are taken from Zhang and Yu et al. [32, 55],
which are shown in Tables 3 and 4, respectively.

3.2.1. Phase Envelope. The modified model is used to deter-
mine the phase envelope of the Bakken tight oil reservoir
for the pore radius ranging from 5nm to 50 nm. Figure 4
conducts the sensitivity analyses of pore size on the phase
envelope by separately considering capillary pressure, fluid-
wall interaction, and adsorption effect. As shown in
Figure 4(a) where only capillary pressure is considered, the
bubble point curve is lowered as the pore size decreases.
After considering capillary pressure, the bubble point pres-
sure is obviously suppressed when the pore size is less than
50 nm. The significant changes caused by the capillary pres-
sure effect on bubble point pressures can reach as high as
630 psi when the pore size reduces to 5nm. As the system
goes above the bubble point pressure, the fluids in the Bak-
ken tight oil reservoir may remain in the single-phase region.
When the pressure is lower than the bubble point pressure,
the amount of light or medial hydrocarbons tend to be evap-
orated to the form of gas bubble. Hence, the reduction in the
bubble point pressure delays the process of vapor extracts
out of the liquid and indicates that the fluids may remain
in the liquid phase much longer. Therefore, considering
capillary pressure has a positive influence on the tight oil
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TasBLE 1: Comparison of phase equilibrium ratio between predicted results and CMG-Winprop results.

Fluid types Components Molar fraction (%) CMG-Winprop results Simulation results Relative deviation (%)
C, 43.96 2.3186 2.3798 2.64
C,-C, 21.03 1.0071 0.9943 1.27
Bulk fluids Cs-C, 6.81 0.3447 0.3337 2.94
Cs-Cy 7.59 0.1897 0.1823 3.90
Cios 18.71 0.0068 0.0070 3.13
CO, 1.90 1.6850 1.7255 2.40

TaBLE 2: Comparison of phase equilibrium ratio between predicted results and experimental or simulation results.

Fluid tvpes Components Molar Experimental Simulation results Relative Simulation results Relative
P P fraction (%) data with P, deviation (%) this paper deviation (%)
fined i-C, 61.89 2.652 2.816 6.18 2.594 2.19
Confine n-C, 18.11 1.885 1.904 1.01 1.894 0.48
fluids

Cq 20.00 0.0524 0.053 1.15 0.0522 0.38
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TaBLE 3: The composition and physical property parameters of crude oil for the Bakken formation.
Components T, (K) P (bar) V. (L/mol) MW, (g/mol) w; Parachor z; (%)
C, 190.60 45.40 0.0990 16.04 0.0080 77.0 25.06
C,-C, 363.30 42.54 0.1970 42.82 0.1432 145.2 22.00
C;-C, 511.56 33.76 0.3338 83.74 0.2474 250.0 20.00
C4-Cy 579.34 30.91 0.4062 105.91 0.2861 306.0 13.00
Ciox 788.74 21.58 0.9208 200.00 0.6869 686.3 19.94
TABLE 4: Binary interaction parameters for oil components. point pressure approaches to the bulk fluids, and the nano-
pore confinement effect can be neglected.
Components C, C,-C, C;-C, Cs-Cy Cios
C, 0 0.0078  0.0242  0.0324  0.0779 3.2.3. Interfacial Tension and Capillary Pressure. In this sec-
C,-C, 0.0078 0 0.0046  0.0087  0.0384 tion, the interfacial tension (IFT) and capillary pressure (P,)
C.-C, 0.0242  0.0046 0 0.0006 00169 in different radii under different pressures at the reservoir
Ce-C 00324  0.0087  0.0006 0 00111 terriﬁerature of 2.30 F are cteﬂcu.la’iedt: Asls}tlowp 1ndF1gure 6,
C.y. 00779 00384 00169  0.0111 0 as the pressure increases, the interfacial tension decreases.

production, as illustrated in Figure 4(b) where only fluid-
wall interaction is considered, the entire phase envelope is
suppressed as the pore size decreases. Especially, considering
fluid-wall interaction also reduces the critical point instead
of considering only the capillary pressure. As the pore size
decreases, the critical point and bubble point pressure
become smaller. The phase envelope at 50 nm is almost the
same as that of bulk phase, whereas the critical pressure at
5nm is suppressed by 8.3%. This is because when the pore
size decreases, the interaction between fluid molecules and
pore wall increases. As can be seen in Figure 4(c) where only
adsorption effect is considered, it’s similar to just consider-
ing fluid-wall interaction. It can be seen from the
Figures 4(a)-4(c) that the effect of capillary pressure, fluid-
wall interaction and adsorption effect on the phase behavior
in nanopores cannot be ignored.

By considering capillary pressure, fluid-wall interaction,
and adsorption effect together, the P-T phase envelope of
the Bakken tight oil reservoir at various pore sizes is plotted
in Figure 4(d). It is illustrated that the phase envelope tends
to move downward with the decrease of pore size. The crit-
ical point is reduced and the dew point curve shrinks com-
pared with the phase envelope that only considers capillary
pressure. The bubble point curve shrinks further than the
phase envelope that considers only fluid-wall interaction or
adsorption effect.

3.2.2. Bubble Point Pressure. The bubble point pressures at
different pore sizes are calculated. Figure 5 describes the
bubble point pressure at the reservoir temperature of 230°F
and compares the nanopore confinement on bubble point
pressure with different pore sizes. As illustrated in
Figure 6, the smaller the pore size, the more significant the
nanopore confinement effect. When the pore size is smaller
than 10 nm, significant changes can be observed. The bubble
point pressure reduces to 1542 psi (19.1% smaller) when the
pore size is 10 nm, and the bubble point pressure suppresses
to 650 psi (65.9% smaller) as the pore size decreases to 2 nm.
However, when the pore size is above 100 nm, the bubble

The interfacial tension is significantly affected by the exis-
tence of nanopore confinement. The smaller the pore size,
the greater the interfacial tension decreases. As described
by Figure 7, when the pressure increases, the capillary pres-
sure also decreases. The smaller the pore size, the greater the
capillary pressure. When the pressure is 1500 psi, the capil-
lary pressure with pore size of 5nm is more than 5 times that
of the bulk phase. As the pressure is smaller, the multiple
increases. Therefore, the nanopore confinement effect will
lead to high capillary pressure which cannot be ignored in
tight oil reservoirs.

4. Recovery Mechanisms of CO, Injection

The accepted recovery mechanisms of CO,-EOR in conven-
tional reservoirs are as follows: (1) reduction of the vapor
and liquid phase interfacial tension towards achieving misci-
bility with the crude oil, (2) CO, dissolves into crude oil,
leading to oil volume expansion and crude oil viscosity
reduction, (3) CO, extraction of lighter hydrocarbons from
the liquid phase, (4) CO, molecular diffusion, and (5) the
sweep efficiency is improved, thereby enhancing the ultimate
oil recovery [56, 57]. Because of these recovery mechanisms,
CO, flooding can greatly improve oil recovery. However,
CO, injection in unconventional reservoirs such as tight oil
reservoirs has not attracted enough attention. A better
understanding of the effect of nanopore confinement effect
on recovery mechanisms will help to optimize the design
strategy for CO, injection in tight oil reservoirs.

4.1. Minimum Miscible Pressure (MMP). Minimum miscible
pressure (MMP) is an important factor to decide miscible
flooding. It is defined as the minimum pressure where the
injected gas and the oil phase have no obvious interface
and then become miscible with each other [58]. A series of
PVT and core flooding tests have validated that CO, is much
easier to become miscible with crude oil than other gases
including flue gas, natural gas, and nitrogen [59]. Based on
the calculation of phase equilibrium, we obtain the MMP
at different CO, injection ratios. As observed in Figure 8,
the MMP decreases gradually with the increase of CO,
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FIGURE 4: P-T phase envelope for Bakken tight oil reservoir at various pore sizes considering (a) capillary pressure, (b) fluid-wall interaction,

(c) adsorption effect, and (d) nanopore confinement effect.

injection. When the gas injection ratio is 100%, the MMP
decreased by 9.7% compared with the CO, injection ratio
is 10%. In order to explore the influence of nanopore con-
finement effect on the MMP in tight oil reservoir, we also
evaluated the MMP of 100% CO, injection at various pore
sizes. As illustrated in Figure 9, the MMP tends to be low-
ered as the pore size decreases. When the pore size is 5nm,
the MMP decreased by 16.2% compared with the pore size
is 100 nm.

4.2. CO, Solution Gas-Oil Ratio (GOR). The solution gas-oil
ratio (GOR) is defined as the volume of gas at standard con-
dition that evolves from the oil divided by the volume of oil
at standard condition. CO, could dissolve into crude oil,
leading to oil volume expansion and crude oil viscosity

reduction. GOR is an important factor in evaluating the
degree of CO, dissolution. We calculate the CO, solution
gas-oil ratio of Bakken tight oil versus pressure at various
CO, injections at T' = 230°F as shown in Figure 10. It is obvi-
ous that the CO, solution gas-oil ratio increases with the
increase of gas injection. When the gas injection ratio is
100%, the CO, solution gas-oil ratio is about 3 times that
of the gas injection ratio is 30%. In order to explore the
influence of nanopore confinement effect on the CO, solu-
tion gas-oil ratio in tight oil reservoir, we also evaluated
the CO, solution gas-oil ratio of 100% CO, injection at var-
ious pore sizes. As illustrated in Figure 11, before CO, is
completely dissolved into crude oil, the CO, solution gas-
oil ratio increases with the decrease of pore size. It indicates
that considering the influence of nanopore confinement



10
2000
,,,,,,, e
1800 - e«
= .
5 1600 4 /
§ [
£ 1400 - /
a ¢
g 1200 - /
o
T 1000 /
i i
= »
Na)
2 800 | /
60, ¢
1 10 100 1000

Pore radius, nm
—=® - With nanopore confinement

— — Without nanopore confinement

FIGURE 5: Bubble point pressure of the Bakken tight oil at various
pore radii at T'=230°F.

Geofluids

850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100

Capillary pressure,psi

50
0

7

200 400 600 800 1000 1200 1400 1600 1800 2000

Pressure,psi

—m— 5nm 50 nm
-0 10 nm - Bulk
~¥- 20 nm

FIGURE 7: Capillary pressure of the Bakken tight oil versus pressure
at various pore radii at T =230°F.

Interfacial tension, dyne/cm

30.0
27.5
25.0
22.5
20.0
17.5
15.0
12.5
10.0

7.5

5.0

2.5

0.0

Minimum miscible pressure, psi

3650

3600
3550
3500 —
3450
3400
3350

3300

T
0 10 20 3

0 40 50 60 70 80 90 10

0 110

200 400 600 800 1000 1200 1400 1600 1800 2000

Pressure, psi

—=— 5nm 50 nm
-@ 10nm —— 100 nm
A~ 20nm —<— Bulk

FIGURE 6: Interfacial tension of the Bakken tight oil versus pressure
at various pore radii at T = 230°F.

effect, the amount of gas dissolved into crude oil increases,
which will lead to the increase of the oil volume expansion
and the decrease of the viscosity of crude oil, as shown in
the following two sections. When the reservoir pressure is
higher than the bubble point pressure, all the gas will be dis-
solved into the crude oil without free gas, and the value of
solution gas-oil ratio will remain unchanged.

4.3. Oil Volume Expansion. CO, dissolves into the oil phase
that causes the oil volume increase. The volumetric expan-
sion capacity of crude oil can be characterized by the oil for-
mation volume factor. The oil formation volume factor
defines as the oil volume at reservoir condition divided by
the oil volume at standard condition.

CO, injection ratio, %

FiGure 8: Minimum miscible pressure of the Bakken tight oil
versus CO, injection.

(27)

where n; represents liquid phase mole fraction, (V,,), repre-
sents liquid phase molar volume, RC represents reservoir
condition, and STD represents standard condition.

Based on the phase equilibrium calculation, we calculate
the oil formation volume factor of Bakken tight oil versus
pressure at various CO, injections at T =230°F. As shown
in Figure 12, it is obvious that the oil formation volume fac-
tor increases with the increase of gas injection. When the
CO, injection ratio is 100%, the oil formation volume factor
increased by 31.9% compared with that without CO, injec-
tion at pressure 4351.2 psi. This can be also explained by
the variation trend of CO, solution gas-oil ratio in the upper
section. In order to explore the influence of nanopore con-
finement effect on the oil formation volume in tight oil
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reservoir, we also evaluate the oil formation volume factor of
Bakken tight oil versus pressure at various pore radii at T
=230°F. As illustrated in Figure 13, the oil formation vol-
ume factor of the oil increases as the pore size decreases.
When the pore size decreases from infinity to 50nm,
20 nm, 10 nm, and 5 nm, the increment of oil formation vol-
ume factor at pressure 4351.2 psi is almost 1.5%, 5.9%, 9.2%,
and 14.7%.

4.4. Viscosity reduction. The oil viscosity is calculated by the
Jossi-Stiel-Thodos (JST) model [60, 61].

} 1/4

(=) +107"] " =ay+ayp, + a,p; +azp; +ayp}, (28)

where y is the viscosity of crude oil under formation condi-
tions, and the values of gy, a,, a,, a;, and a, are 0.1023,
0.023364, 0.058533, -0.040758, and 0.0093324, respectively.
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p, is defined as

N 1/«

c

PY = pL inVCi > (29)

i=1

where V; is a critical volume of component #, and the value
of ais 1.
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The viscosity parameters of the mixture & are calculated
by the following formula:

N, 6 /N -1
&= Z'xiTci inM1
i=1 i1
N -3 (30)
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Ficure 15: Oil viscosity of the Bakken tight oil versus pressure at
various pore radii at T = 230°F.

p* is defined as

[/l* _ ZZCI (xitu;kMillz) ] (31)
i (xiM})

y; can be calculated by the Stiel-Thodos formula:

4.610T%018 — 2.04¢ 04T

*

wE = 104, (32)

+1.94¢74058T 4 0.1

where & = TY°M!2PX3, T, = T/T,,.

Based on the phase equilibrium calculation, we calculate
oil viscosity of the Bakken tight oil versus pressure at various
CO, injections at T =230°F. As shown in Figure 14, it is
obvious that the viscosity decreases with the increase of gas
injection. When the CO, injection ratio is 100%, the oil vis-
cosity decreased by 62.4% compared with that without CO,
injection at pressure 4351.2 psi. This can be explained by the
variation trend of CO, solution gas-oil ratio in the upper
section. Hence, CO, has obvious viscosity reduction effect.
In order to explore the influence of nanopore confinement
effect on the oil viscosity in tight oil reservoir, we also eval-
uate the oil viscosity of Bakken tight oil versus pressure at
various pore radius at T =230"F. As illustrated in
Figure 15, the viscosity of the oil reduces as the pore size
decreases. When the pore size decreases from infinity to
50 nm, 20 nm, 10 nm, and 5nm, the suppression of oil vis-
cosity at corresponding bubble point pressure are almost
13.4%, 24.8%, 33.8%, and 42.8%. It indicates that consider-
ing the influence of nanopore confinement effect, the oil
mobility could be increased.
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4.5. Extraction of Lighter Hydrocarbons. Many experiments
and simulations have shown that the content of light com-
ponents in the oil produced after CO, injection increases
while the content of heavy components decreases. The mass
transfer between CO, and formation crude oil results in sub-
stantial physical changes of the system.

The extraction coefficient 8, of lighter hydrocarbon is
defined as

p= " (33)

Z;
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Based on the phase equilibrium calculation, we calculate
the extraction coefficient of lighter hydrocarbon of the Bak-
ken tight oil versus pressure at various CO, injections at T
=230°F. As shown in Figure 16, it is obvious that the extrac-
tion coefficient of lighter hydrocarbon increases with the
increase of gas injection. This can be explained by the fol-
lowing mechanisms: Carbon dioxide dissolves and the liquid
phase is relatively light, which contributes to the evaporation
of light components and the enrichment of gas phase.
Because the gas phase is enriched and the liquid phase is rel-
atively light, the difference of components in the gas and
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Ficgure 21: CO, diffusion coefficient of vapor phase for Bakken
tight oil versus pressure at various pore radii at T = 230°F.

liquid phase is relatively small. According to the similar
compatibility principle, the mass transfer capacity of gas-
liquid system is enhanced, and the result is that the enriched
gas further extracts the light hydrocarbon and the intermedi-
ate hydrocarbon components of crude oil to form the rich
hydrocarbon phase. Therefore, the CO, extraction of lighter
hydrocarbons is conducive to improving the properties of
crude oil and enhancing oil recovery.

In order to explore the influence of nanopore confine-
ment effect on the oil formation volume in tight oil reservoir,
we also evaluate the extraction coefficient of lighter hydro-

Geofluids

carbon of the Bakken tight oil versus pressure at various
pore radii at T=230°F. As illustrated in Figure 17, the
extraction coefficient of lighter hydrocarbon slightly reduces
as the pore size decreases. It indicates that considering nano-
pore confinement effect seems to have a slightly reduced
effect on extraction of lighter hydrocarbons.

4.6. Molecular Diffusion. Molecular diftusion is one of favor-
able mechanism factors for oil recovery, especially for tight
oil reservoirs. The flow velocity is low in tight oil reservoirs
with low matrix permeability that the relative contribution
of molecular diffusion becomes more significant compared
with molecular diffusion in conventional reservoirs. Two
empirical correlations frequently applied are by the Wilke-
Chang correlation [62] and the Sigmund correlation [63].
In this study, we employed Wilke -Chang equation to esti-
mate the CO, diffusion coefficient as

_ 74x10%(¢M)"*T
W Vi

ik (34)

where Dy, represents the diffusion coeflicient of component i
in phase k, M, is the molar mass of component i, T is the
temperature of system, y, is viscosity of phase k, V', is the
critical volume of phase k under the bubble point, and ¢ is
association factor, which depends on the properties of the
solvent itself. If ethanol is the solvent, it has a value of 1.5.
However, the calculation error is larger for nonassociative
systems, and Sun and Chen [64] deduced the relationship
between the association factor and temperature through
the free volume theory as follows:

¢(T)=3.97-3.92x107T. (35)

Based on the phase equilibrium calculation, we evaluate
the CO, diftusion coefficient for the liquid and vapor phases
at various CO, injections at T =230°F. As shown in
Figures 18 and 19, CO, diffusion coefficient of the liquid
phase increases with the increase of gas injection while.

CO, diffusion coeflicient of vapor phase decreases with
the increase of gas injection. In order to explore the influ-
ence of nanopore confinement effect on the CO, diffusion
coefficient in tight oil reservoir, we also evaluate the CO,
diffusion coefficient of Bakken tight oil versus pressure at
various pore radii at T =230°F. As illustrated in Figures 20
and 21, the CO, diffusion coefficient is also different for
the liquid phase and vapor phase under nanopore confine-
ment effect. CO, diffusion coefficient for the liquid phase is
larger in smaller pores whereas CO, diffusion coefficient
for the vapor phase is smaller.

5. Summary and Conclusions

(1) An efficient model is proposed to calculate phase
behavior in tight oil reservoir with capillary pressure,
fluid-wall interaction and adsorption effect in this
work. Fluid-wall interaction and adsorption effect
are introduced to modify the PR-EOS, and capillary



Geofluids

3)

pressure is used to modify the flash calculation for
phase equilibrium calculation. The model has been
verified against commercial software (CMG-Win-
prop) and experimental data with bulk fluids and
confined fluids. The results show that the nanopore
confinement effects including capillary pressure,
fluid-wall interaction, and adsorption effect are sig-
nificant when the pore radius reduces to the orders
of nanometers

For the Bakken tight oil reservoir, nanopore confine-
ment effects impose an overall shrinkage to the P-T
phase envelope. Capillary pressure lowers bubble
point curve as the pore size decreases. Fluid-wall
interaction and adsorption effect suppress the entire
phase envelope as the pore size decreases. Especially,
they reduce the critical point instead of capillary
pressure. The bubble point pressure of Bakken oil
is suppressed by 19.1% when the pore size is 10 nm
under nanopore confinement effect compared with
the counterpart case without pore proximity. It is
reduced by 65.9% when the pore size is 2nm. As
the pore size decreases, the IFT decreases whereas
the capillary pressure increases obviously

The recovery mechanisms for CO, injection are also
investigated in the Bakken tight oil reservoir from
different respects. Results show that the MMP
decreases gradually with the increase of CO, injec-
tion. When the gas injection ratio is 100%, the
MMP decreased by 9.7% compared with the CO,
injection ratio is 10%. On this basis, the effect of
nanopore confinement on the MMP for CO, injec-
tion is also calculated. Results indicate that under
the nanopore confinement effect, the MMP will
decrease, resulting in the suppression of the resis-
tance of fluid transport. Hence, it will be easier to
reach miscibility and improve the well performance.
Besides, as the increase of CO, injection, the CO,
solubility will increase, the volume of crude oil
expands, and the oil viscosity will decrease. With
the nanopore confinement effect, the CO, solution
gas-oil ratio and the oil formation volume factor of
the oil increase with the decrease of pore size. In
turn, the oil viscosity reduces as the pore size
decreases. Furthermore, the extraction coefficient of
lighter hydrocarbon increases with the increase of
gas injection. With the nanopore confinement effect,
the extraction coefficient of lighter hydrocarbon
slightly reduces as the pore size decreases. It indi-
cates that considering nanopore confinement effect
seems to have a slightly reduced effect on extraction
of lighter hydrocarbons. The CO, diffusion coefhi-
cients for liquid phase and vapor phase are different
in that CO, diffusion coefficients for liquid phase
increase with the increase of gas injection while
CO, diffusion coefficient of vapor phase decreases.
On this basis, we also evaluate the effect of nanopore
confinement on the CO, diffusion. Results show that
CO, diffusion coefficient are also different for liquid
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phase and vapor phase under nanopore confinement
effect. CO, diffusion coefficient for liquid phase is
larger in smaller pores whereas CO, diffusion coefhi-
cient for vapor phase is smaller

(4) An efficient model is proposed to calculate phase
behavior in tight oil reservoir with capillary pressure,
fluid-wall interaction, and adsorption effect simulta-
neously. However, the model does not take the effect
of water on phase behavior into account, and the
pore size distribution is also not considered. Further
extensive research on these will continue to
investigate

Appendix
The modified PR-EOS is given as follows:
RT

Vi,-b V,’ﬂ(v,’n+b) +b(V,’ﬂ—b)'

a—c¢
P=

(A1)

The first and second derivatives of pressure with respect
to volume at critical point are yielded:

op __ aRT, N 2a(a—c)(aV, +b) o
(W)TT ~ (@V.-b)? [V (aV, +b)+b(aV, - b)
(A.2)

o’P _ 20°RT,
V2 (aV,.-b)’
T=T,

. 2a*(a—c)[b(aV,.-b) - (aV +b)(3aV, +4b)]

[V (aV, +b) + b(aV, - b)] -
(A.3)
From Equation (A.2), it is given as
RT, 2(a-c)(aV, +b)
(aV,-b)’ [aV (aV,+b)+b(aV,—b)*(aV,~b)
(A4)

Imposing Equation (A.4) on Equation (A.3), it is yielded
as
2(aV, +b)
aV.—b

_ (aV, +b)(3aV, +4b) - b(aV -~ b)
- (aV (aV +Db)+b(aV . -b)) (4.5)

It can be rewritten as

—(aV, +b)(aV,-b)(3aV, +2b) +2aV (aV, +b)* + b(aV, - b)* =0.
(A.6)

We assume b = kaV, and Equation (A.6) can be rewrit-
ten as

3k +3k* +3k—1=0. (A7)
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Solving for k could obtain k = 0.25308.
b=0.25308aV.,. (A.8)
Imposing Equation (A.8) on Equation (A.2), it is written
as
T 2(a—-c)(1
__R - (a9 +k) _=0.  (A9)
(1-k)*  (aV)[(1+k)+k(1-k)]
Thus,
T 1 1-k)?
a-c= RIVIAR) +ML=OF _ yerinart v

2(1+k)(1-k)?
(A.10)

Applying Equation (A.1) to the critical point and
substituting Equations (A.8) and (A.10) into Equation
(A.1), it is obtained as

PV, 030740
RT. a

c

(A.11)

b is the van der Waals covolume, and the relationship
between b and V, should be obtained from the traditional
PR-EOS,

b=0.25308V,. (A.12)

From Equations (A.10), (A.11), and (A.12)), the param-
eters a and b are given as follows:

RZ 2
a—c=0.45724 PC ,

‘ A13
T (A.13)

.

C

b=10.07780

c

Nomenclature

System pressure

System temperature

Gas constant

Molar volume

“Attraction” parameter

“Repulsion” parameter

Fluid-wall interaction effect coeflicient

Adsorption effect coeflicient

The critical pressure determined by the modified PR-
EOS

The critical temperature determined by the modified
PR-EOS

AP:  The dimensionless shifts of critical pressure

AT: The dimensionless shifts of critical temperature

r,.  Pore size

o;;:  Lennard-Jones molecular size parameter

N The number of components

fF. Fugacity of component i in the liquid phase

g,
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o
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~
Q
Q.
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fY:  Fugacity of component i in the vapor phase

Mole fraction of component i in the liquid phase
y;: Mole fraction of component i in the vapor phase

z;;  Overall mole fraction of component i

@ Fugacity coefficient of component i in the liquid
phase

¢, Fugacity coefficient of component i in the vapor phase

n;: Overall number of moles in liquid phase
ny:  Overall number of moles in vapor phase
K;:  Phase equilibrium ratio of component i
P Capillary pressure

o Interfacial tension

0: Contact angle

p;: Density of liquid phase

py:  Density of vapor phase

The parachor of component i

Z:  The compressibility factor

B Oil formation volume factor

Viscosity of crude oil

Critical volume of component i

B, The extraction coeflicient

D,;: The diffusion coefficient of component i in phase k
RC: Reservoir condition

STD: Standard condition.
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