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Shale media contains a large amount of nano-scale pores, with their total pore volume comparable to that of the
connected macropores and natural/hydraulic fractures (bulk). Previous work largely neglected the interplay
between nanopores and bulk region as well as the effect of pore size distribution (PSD), where fluids can freely
exchange between nanopores and bulk region. To accurately predict production and ultimate oil recovery, PSD
effect should be taken into consideration. In this work, engineering density functional theory (DFT) is used to
study phase behaviors of hydrocarbon mixtures in multi-scale nanoporous media with PSD effect during constant
composition expansion (CCE) and constant volume depletion (CVD) processes. We found that under the PSD
effect, due to the chemical equilibrium between various nanopores and connected bulk as well as competitive
adsorption in nanopores, the interplay between nanopores and bulk region influences phase behaviors and
properties of fluids in the multi-scale system. Phase transitions first occur in the bulk region, then the larger pores
followed by the smaller pores. The bulk bubble point pressure increases as the volume ratio of the smaller pores
in the system increases, while the bulk dew point decreases. When fluids in one specific pore begin to vaporize, in
other pores, the heavier component would be adsorbed, while the lighter component would be released, which
suppresses the phase transitions in the smaller pores because of the heavier component accumulation. The higher
volume ratio of the smaller pores suppresses the heavier component production, when pressure is below the bulk

dew point.

1. Introduction

In the recent decades, the exploitation and production of uncon-
ventional oil/gas have drastically increased as the global energy con-
sumption continuously increases and conventional reservoirs gradually
deplete [1-3]. Unlike the conventional reservoirs, pores in shale for-
mations are predominantly in nanoscale [4]. As a result, the conven-
tional equations of state (EOS) modeling becomes inapplicable for the
prediction of shale fluid properties [5-7]. On the other hand, the hy-
draulic and natural fractures connected to vast nano-scale pores form
the recovery routes for the hydrocarbons stored in shale nanoporous
matrix [8]. Since fluids can freely exchange between nanopores and
macropores/fractures (the so-called interplay between nanopores and
macropores/fractures), such nanopore-fracture multi-scale system in
shale formations further complicates the in-situ fluid properties, which
are multi-component and multi-phase [9,10]. As hydrocarbon mixture
phase behaviors in shale media play a crucial role in the predictions of
well productivity, ultimate oil recovery and the applications of
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enhanced oil recovery (EOR) technologies [8], it is imperative to un-
derstand the hydrocarbon mixture phase behaviors in the multi-scale
systems and the interplay between nanopores and macropores/
fractures.

In this regard, there have been a number of experimental measure-
ments using indirect and direct observations to study hydrocarbon
mixture phase behavior in nanoporous media. The indirect (observa-
tion) methods include using differential scanning calorimetry (DSC)
[6,11] and slope change in pressure-volume plot [12-14]. While Deo
and his coworkers observed that the bubble point pressures of nano-
confined methane/n-decane and methane/n-octane mixtures are
slightly reduced [12,14], Liu et al. [15] observed that the bubble point
pressure of nitrogen/n-butane mixture in a crushed shale sample con-
taining PVT cell is higher than the bulk one due to the competitive
adsorption of nitrogen and n-butane in nanopores. They also indicate
that the interplay between nanopores and macropores/fractures can
influence the properties of hydrocarbon mixtures in multi-scale systems
[15]. Besides the indirect method, the lab-on-a-chip technology can
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achieve direct observations of phase transitions of nanoconfined fluids
in a near-equilibrium process. Wang et al. [16] found that a ternary
mixture of n-butane/iso-butane/n-octane in nanochannels does not
vaporize, even when the hydrocarbon mixtures in connected micro-
channels completely vaporize. Alfi et al. [17] used the lab-on-a-chip
technology to directly visualize the phase transitions of binary hydro-
carbon mixtures (pentane/hexane and pentane/heptane) and a ternary
hydrocarbon mixture (pentane/hexane/heptane) in 10-nm, 50-nm and
100-nm nanochannels. They found that while the bubble point tem-
perature of hydrocarbon mixtures in the 10-nm nanochannels increases
significantly, those in the 50-nm and 100-nm nanochannels are close to
the bulk. Zhong et al. [10] directly visualized the instantaneous phase
transitions of hydrocarbon mixtures (methane/propane) in nano-
channels, which are connected to microchannels. The bubble point
pressure of hydrocarbon mixtures in 8-nm nanochannels is severely
suppressed to be below their bulk dew point pressure and the confine-
ment effect magnifies as pore size decreases. Although these advanced
nanofluidic technologies have shed lights on hydrocarbon phase be-
haviors in nanopores, the interplay between nanopores and macro-
pores/fractures inherent in shale matrix is difficult to realize due to the
drastic volume difference between microchannels and nanochannels
[10]. As a result, the effect of interplay between nanochannels and
connected microchannels on fluid properties in the multi-scale system is
negligible, while the fluids in the microchannels behave as bulk.
Underlying mechanisms of fluid phase behaviors in nanopore-facture
multi-scale system have been studied from theoretical and simulation
perspectives. By using a pore-size-dependent equation of state modeling
(PR-C EOS), Luo et al. [18] found that when the pore volume of 15-nm
pores and the connected bulk region are comparable at the initial con-
dition, the bubble point pressure of oil in the bulk region is reduced. By
using a modified isothermal-isobaric Gibbs ensemble Monte Carlo
simulation, Bi and Nasrabadi [19] observed an increased bulk bubble
point pressure Pg”b of a binary hydrocarbon mixture (methane/ethane),
which are connected to 4-nm pores. Recently, we used an engineering
density functional theory (DFT) to study phase behaviors of methane-
propane mixtures in nanopores which are connected to bulk regions
[20]. We found that two-phases could coexist in nanopores, and nano-
pore two-phase region expands as pore size increases. However, we used
a uniform pore size model, which does not consider pore size distribu-
tion (PSD) inherent in shale studies [4]. Since PSD is crucial for char-
acterization of shale reservoirs, accurate estimation of reservoir storage,
knowledge about fluid flow mechanisms and production behaviors
[21-25], using a uniform pore size model may become inapplicable.
Although many previous works studied pore size effect [5,26,27], a
single-nanopore model is generally used and fluid behaviors in various
nanopores are independent of each other. Some work [28,29] studied
PSD effect without considering the interplay between nanopores and
macropores/fractures. However, in shale media, various nanopores are
connected with macropores/fractures, forming a complex multi-scale
system, in which fluid properties are affected by their interplay [30,31].
In this regard, Wang et al. [32,33] used the Peng-Robinson equations
of state (PR-EOS) plus capillary pressure model to study continuous
phase transitions in shale nanoporous media consisting of four repre-
sentative nanopores and fractures. They assumed that the phase tran-
sitions in nanopores occur at varying pressures for pores of different
sizes. They further assumed that the smaller pores are saturated with
liquids, while the larger pores have liquid-to-vapor phase transitions.
Even though these works provided important insights into hydrocarbon
phase behaviors in various nanopores connected with fractures, such
EOS-based models do not consider the fluid-surface interactions and
inhomogeneous density distributions under nano-confined environ-
ment. Luo et al. [18,34] considered fluid-surface interactions in their
triple-scale PR-C EOS model, in which 5-nm and 15-nm pores are con-
nected to fractures. They found a suppressed bulk bubble point P’g”b
during constant composition expansion (CCE) process. However, these
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works only lower the pressure to a value higher than the bulk dew point
P{¥ so that the information about P and phase transitions as well as
fluid depletions in nanopores is missing. As a result, the phase behaviors
of hydrocarbon mixtures in nanopores with PSD connected with mac-
ropores/fractures are still not clear yet.

In this work, we simultaneously consider the effect of fluid-surface
interaction, interplay between nanopores and macropores/fractures,
and the PSD inherent in shale media to investigate phase behaviors of
C1/Cs mixture. We use a simplified carbon slit-pore to represent the
nanoconfinement effect in kerogen, which plays a dominant role in
fluid-in-place in shale reservoirs [35-38]. Slit-shaped pores are widely
distributed in kerogen [39,40]. Both kerogen and carbon surfaces are
strongly oil wet [41-44] and carbon slit pores have been widely used to
model kerogen pores in molecular simulations [45,46]. Both CCE and
constant volume depletion (CVD) processes are discussed by comparing
three different nanopore-fracture multi-scale systems, which consist of
various nanopores of different sizes and a fracture (bulk region). While
we explicitly consider the fluid-surface interactions in nanopores, the
fluids in fractures are treated as bulk. Based on the multi-scale model, we
study continuous phase transitions and hydrocarbon mixture recovery in
various nanopores and the bulk region. This work should provide
important insights into the effect of PSD and interplay between nano-
pores and macropores/fractures in actual shale oil production processes.

2. Methods
2.1. The Nanopores-bulk model

In this work, we construct a multi-scale system with the PSD effect in
which two different nanopores of pore sizes as 5 nm and 10 nm are
considered. As in our previous work [9,20], the fluids in nanopores and
bulk region are in chemical equilibrium. In our previous nanofluidic
measurements [10], we found that in a near-equilibrium pressure
drawdown process, in which the pressure drawdown rate is set as ~
0.035 MPa/min, equivalently ~ 50.4 MPa/day, C;/C3 vaporization
dynamics and initiations can be captured by the engineering DFT which
is conducted at an equilibrium state. In contrast, the pressure drawdown
rate during an actual shale production is generally less than 1 MPa/day
[47,48]. Therefore, we use the equilibrium pressure drawdown to
convey the knowledge about the actual shale oil production process.

We use C;/C3 mixture to illustrate the effect of PSD on hydrocarbon
mixture phase behavior in a multi-scale system. As shown in Fig. 1, three
different systems are studied, in which the pore volumes of nanopores
and bulk region volume ratio are given as: 1) Case A: Vsyy : Vionm :
Vl‘;”t =1:0:1;2) Case B: Vs : Vionm : Vl‘;”t =0.5:0.5:1; 3) Case C:
Vsom : Vionm : Vl‘;"‘ =0:1:1, where Vs, and Vionm represent the pore
volumes in 5-nm and 10-nm pores, respectively, and Vi is initial bulk
volume which is comparable to the total volume of nanopores according
to inherent characteristics of shale [49,50]. The nanopores are simulated
as structureless carbon slit pores which is completely oil wet, while the
bulk region represents macropores/fracture without confinement effect
[9]. The fluid properties in the nanopores and bulk region are deter-
mined by materials balance (MB) and chemical equilibrium [20]. We use
the Peng-Robinson EOS (PR-EOS) [51] to calculate bulk chemical po-
tentials. When the bulk fluids are in a vapor-liquid coexistence phase,
due to the equal chemical potentials in vapor and liquid phases, liquid
phase chemical potentials are used to calculate fluid compositions in
nanopores [20]. The details of DFT calculation are shown in Supple-
mentary Information.

2.2. Material balance

CCE and CVD processes are simulated under an isothermal condition
of T = 288.15 K. We specify the initial bulk region C3 composition yg,
as 0.8 and the initial pressure P™ as 45 bar in all cases. We illustrate the
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Fig. 1. Schematic representation of shale oil extraction operation, where nanopores are connected to fractures/macropores (bulk) [9]. In our work, nanopores of
pore volumes V), are connected to a bulk region of volume V;. 1) Case A: Vsny : Vionm : V{,"‘ =1:0:1;2)CaseB: Vs : Vionm : V,’,"‘ =0.5:0.5:1;3) Case C: Vs, :

Vionm : V" =0:1:1.

MB calculations of the CCE and CVD processes in two separate sub-
sections. The flowcharts of the calculation procedures for the CCE and
CVD processes are shown in Figs. S1 and S2 (Supplementary Informa-
tion), respectively.

2.2.1. CCE

In CCE process, as system pressure P (dictated by the bulk region
pressure) decreases, the bulk region volume V, increases, while the
nanopore volumes of various sizes V, remain constant. The total amount
of hydrocarbons in the nanopores-bulk system is constant. MB calcula-
tions are illustrated in three different pressure conditions: a) P above the
bubble point pressure in the bulk region P> (P > Pt%); b) P between
Pub and Pdew (Phb > P > Pdew); ¢) P below P (P < Pgew).

a) P > Pow

In this case, the bulk region is in a single liquid-phase. For given
{yl-,b} at P, the average densities of component i in bulk, p;, and
nanopores, p; , are obtained from the PR-EOS and DFT, respectively. The

total molar number of component i at the initial condition (for a given
initial pressure P™), Ni", is given as,

NI = plivit 4+ " pitV,, i = Cy,Cs, p = 5nm, 10nm €}

ip

in which pf} and p{¥ represent the average molar densities of
component i in bulk and nanopores of p at P™. Note that {N!} remain

constant during the CCE process. As P decreases, V, increases, which is
given as,

V, = (Nj"' — prvp) /p‘.’b7 i=C;,Cs, p=>5nm, 10nm (2)

As shown in Eq. (2), the equilibrium V;, for given P can be obtained
from C; and C3 MB equations. As in our previous work [20], for given P
and T, by varying trial C3 composition in the bulk region xc, ;, we find
the intercept between two V, —x, ; curves from C; and C3 to determine
the equilibrium {}'i.b} as shown in Fig. S3. The equilibrium phase
transition point determined from the grand potential (GP) minimum
branch [52] is used to represent the hydrocarbon mixture behaviors. At
equilibrium, GP is minimum for an open system in which the fluids in
nanopores are in chemical equilibrium with those in bulk [53].

b) Py > p > pfew

In this case, the bulk region is in a vapor-liquid coexistence phase.
Unlike Eq. (1), {N™} are given as,

N = Py Vo) + Pisn Vo) + Zpi7pr, i=C;,C;,p=>51m,10nm (3)

where p; ;) and p; .y, represent molar densities of component i in the
bulk liquid and vapor phases obtained from PR-EOS, respectively; V)
and Vy(y) are volumes of the bulk liquid and vapor phases, respectively.
The bulk liquid phase chemical potentials from the PR-EOS are used as
an input for DFT calculations. By rewriting Eq. (3), we have the bulk
liquid volume as,

Vi) = (me - ZPI,pVP>/ Piswy + Vs /Vowy )Pipvy |5 i = C1,C5, p = 5nm, 10nm . “@
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According to Vyy)/Vpr) from PR-EOS, the bulk vapor volume after
expansion, Vjv), is given as,

Vi) = (Vo) /Vow ) Vi ®
Then, the bulk total volume after expansion is given as

Vi = Vi) + Vi (6)
As in P > P case, for given P and T, by varying xc, », we find the

intercept between two V, —xc, » curves from C; and C3 to determine the

equilibrium {yi,b} as shown in Fig. S3a. The highest and lowest pres-

sures when there is an intercept between the two V}, —xc, , curves from
C; and C3 within bulk vapor-liquid coexist region are P2“®(see Fig. S3b)
and P (see Fig. S3d), respectively.

¢) P < piw

In this case, the bulk region is in a single vapor-phase. When nano-
pores region is also in a single-phase (liquid or vapor), {Ni"} and the
equilibrium Vj, for given P are the same as in Egs. (1) and (2), respec-
tively. The equilibrium {_}’i‘b} is determined by the intercept between
two Vj, —Xc, p curves from C; and C3 as shown in Figs. S4a and e.

When a specific nanopore is in a vapor-liquid coexistence phase, no
intercept between Vj, —x¢, , curves (V;, obtained from Eq. (2)) exists as
shown in Figs. S4c and g, which is due to the discontinuity in p;,. We
find that for a given P, the discontinuities in p;, in different nanopores
occur at different xc, ,. We use the 10-nm pore as an example to illus-
trate. Within the 10-nm pore two-phase region, {N"} is given as

N = 9,5V + P soum(e) Viown (@) + P ioam(v) Viowm() + P, sum Vaoms £ = C1, G
(7)
where p;1oumz) @nd p;1oum(y) TEPTEsent average molar densities of

component i in the 10-nm pore liquid and vapor phases, respectively;
Vionm) and Vipnm(v) are volumes of the 10-nm pore liquid and vapor

phases, respectively. The equilibrium {yi.b} is determined as xc, 5, when

there is discontinuity in V}, —xc, s curves. Vigam) and Vignmv) have the
relationship as following,

Vionmz) + Vioamv) = Vionm ®

By combining Egs. (7) and (8), V,), Vi), and V;, are given as
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in 5-nm nanopores, P22 and P#" | can be obtained by applying the same

method as shown in Figs. S4f and h.

2.2.2. CVD

During a CVD process, after V}, increases as P decreases, the fluids in
the expanded bulk volume are depleted from the nanopores-bulk multi-
scale system and Vj, recovers to Vg“ [33]. Note that 1 bar is used as the
pressure gradient in our CVD calculation. The MB calculations under
different pressure conditions are the same as those in CCE process. The
only difference is the extra volume depletion process followed by the
bulk volume expansion for each pressure drop process. The corre-
sponding volume depletion is illustrated below.

a) P > P

In this case, for each pressure drawdown, the expanded bulk volume
at equilibrium condition could be obtained by Eq. (2), then the depleted
volume VY is given as,

V=V, —v" 12)

The produced fluids from the system N? and remaining fluids in the
system N7 are given as,

N =p,, Vi (13)

N; =N"—N{ a4

For the next pressure condition, the N7 would be the new N™
b) Pjub > p > plw

When the bulk fluids split into vapor-liquid two phases, the
expanded bulk volume can be obtained from Egs. (4)-(6). We assume
that only the bulk vapor phase is depleted, considering that vapor phase
viscosity is much lower than that of the liquid phase [54]. Then, the
depleted vapor phase volume is given as

Vo, = Vo — V3" (15)

The produced fluids from the system N¢ and remaining fluids in the
system N7 are given as,

N;i = Pinw) Vbd(V) (16)

N/ =N" - N¢ )

int int
- Nepe, s = NeEsPers = PeyionmnyPcs b Vioam + Py tomm(r)P ey b Viom = Py samPcs b Vanm 1 Pey samPey b Voom

Vionm(v) =

Vionmz) = Vioam — Vioam(v) (10)

Ve = (Ni:m = Pi10nm(z) V1onm(n) = Pi100m(v) Vionm(v) = P;50m Vsnm )/pi.lni
=C1,G an

The highest pressure when there is an intercept between the two
Vi —Xc,» curves from C; and C3 within 10-nm pore phase transition

region is the bubble point in 10-nm pores P2

while the lowest pressure is the dew point P = as shown in Fig. S4d.
When phase transitions occur in 5-nm nanopores, the fluids in 10-nm

pores are in single vapor phase, and the bubble point and dew point

as shown in Fig. S4b,

(PC,.lOnm(v) - Pc..1<)nnn(L))/’C3,h - (pCl,lUnm(V) - /%;JOnm(L))/’C1 b

where p; ;) represents densities of component i in the bulk vapor phase
obtained from the PR-EOS. For the next pressure condition, the N} would
be the new N,

c) P< Pgew

In this case, hydrocarbons in the bulk region is in a single vapor-
phase. After obtaining equilibrium expanded bulk volume according
to (9)-(11), the depleted volume Vl‘j’, produced fluids from system Nfl and
remaining fluids in the system N} can be calculated from Egs. (12)-(14).
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Fig. 2. The schematic diagram for phase transitions in Case B during the CCE process at 288.15 K. (a) P = 45bar; (b) P}® = 37.731bar; (c)P{¥ > P > Pi% - (d)
Plew — 11.723bar; (e)P4L, = 10.20bar; (f) P24 > P > Pler . (g) P&4» = 9.13bar; (h) P28, = 6.7bar; (i) P2 > P > P : (j) Pe¥ = 6.39bar. (f); (87); (h'); (")
and (j°) are enlarged parts for nanopores in (f); (g); (h); (i) and (j), respectively. The blue color represents C;/Cs mixture in liquid phase while the yellow color

represents vapor phase in nanopores or bulk region. The red dashed line provides a reference for the volume of bulk at initial condition. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussions

Both CCE and CVD methods have been widely used to study hydro-
carbon mixture phase behaviors [55]. In CCE process, the system pres-
sure is lowered stepwise by incrementally expanding the volume of
outside bulk. The phase behaviors and properties of fluids in nanopores
vary as the connected bulk volume expansion. The CVD process mimic
the real production process by depleting the fluids in the excess bulk
volume at each pressure step. In this section, we first investigate phase
behaviors and fluid properties in the nanopore-bulk multi-scale system
for the CCE process, then we conduct the CVD process. Finally, the PSD
effect on bubble point and dew point in nanopores-bulk multi-scale
system is discussed.

3.1. CCE

In Fig. 2, we present the schematic diagram for phase transitions in
Case B during the CCE process at 288.15 K. At initial condition of P =
45 bar, C;/C3 mixture in the whole multi-scale system is in pure liquid
phase as shown in Fig. 2a. After pressure decreases to be below bulk
bubble point pressure P2, C1/C3 mixture in the bulk region split into
vapor and liquid two phases while those in the nanopores remain as
liquid phase as shown in Fig. 2c¢. It is because the competitive adsorption
enhances the composition of heavier component in nanopores as we will
discuss later. Note that the competitive adsorption in this work refers to
the competition between the light and heavy components in nanopores.
After fluids in bulk region completely vaporize, phase transitions
happen in 10-nm pores firstly as shown in Fig. 2f. Only after fluids in the
10-nm pores completely vaporize, phase transition could occur in the 5-
nm pores as shown in Fig. 2i. This is not only because of the stronger
confinement effect in the smaller pores, but also the heavier component

40 | Case A ' '-j' 377

Case B Lo

Case C 0798 0799 0.800 0801
30

Bulk Bubble Point Line

P (bar)

20

Bulk Dew Point Line

10

0 1 1
060 065 070 075 080 085 0.90
yCz, b

Fig. 3. The equilibrium y¢, ; for Case A, B, and C during the CCE process. The

open circles represent Pg"b, the solid circles represent Pﬁ“’, the open squares

the solid squares represent Pdew

represent P} dew

10nm?

Pi and the solid triangles represent P2¥ .

the open triangles represent

accumulation induced by interplay between nanopores and bulk.
Overall, the phase transitions in the multi-scale system with PSD effect
following the sequence of bulk, larger pores and small pores as pressure
decreases. This phenomenon is in line with the experimental work by
Wang et al. [16,33] and the gauge-GCMC molecular simulation results
[28].

The equilibrium yg, ; for different cases are presented in Fig. 3. The
equilibrium yc, ; varies as P decreases, which is in line with the field
observation [56]. At initial condition of P™ = 45 bar, the equilibrium
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Fig. 4. The equilibrium y¢, 10nm for Case B and C during the CCE process. The

open circles represent P’g“b, the solid circles represent P‘;"’W, the open squares

ub
represent P

P and the solid triangles represent P2¥ .

the solid squares represent P4¥  the open triangles represent

Ye, » in different cases are same. As P decreases, comparing to Case B and
C, the molar fraction of C3 in fluids released from the nanopores to the
bulk region in Case A is smaller, resulting in a lower y¢, ; and a higher
PY_ At P belowP?, fluids in bulk region split into vapor and liquid two
phases. Fluid properties in bulk vapor-liquid two phases are the same,
while the molar ratio of vapor and liquid phases in bulk varies among
different cases. The nanoconfinement effect in Case A is stronger
compared with Case B and C. The stronger competitive adsorption in
nanopores induces a smaller increase in the bulk vapor phase molar
fraction. Since the bulk vapor-phase contains less C3 compared to the
bulk liquid-phase, a higher yc, ;, and a lower Pgew is observed in Case A.
The equilibrium yc, , increases until P < P¥”. When phase transition
occurs in nanopores, Y, decreases in different cases. When a given
nanopore is in vapor-liquid two-phase in different cases, vapor and
liquid phases coexist with equal chemical potentials as proposed by
Evans et al. [57], the equilibrium yg, ; is the same. For multi-scale system
with PSD effect, y¢,, decreases continuously as P declines due to the
continuous phase transitions from the larger pores to the smaller pores.

In Fig. 4, we present the equilibrium composition of Cz in 10-nm
pores, Yc, ionm, for Case B and C. When P > Pg"b, the equilibrium
Yc,.10nm increases more in Case C than Case B as P decreases. The molar
fraction of Cs in fluids released from the nanopores to the bulk region in

1 39 12
> 1 2:
40 + - - o
37 8
0.8380 0.8385 0.8390
5nm Pore Bubble Point Line
= 30r 6
® 0.975 0.980 0.985
O
N
Q. 20t
/
5nm Pore Dew Point Line
10 Case A
Case B
0 1 1 1
0.80 0.85 0.90 0.95 1.00

y Cs, 5nm

Fig. 5. The equilibrium y¢, s,m for Case A and B during the CCE process. The
open circles represent P’b"‘b, the solid circles represent P‘;“W, the open squares

represent P4 the solid squares represent P%"  the open triangles represent
Pib and the solid triangles represent P2¥ .
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Case C is larger, which increases Cg concentration in the bulk region in
Case C. Based on chemical potential equilibrium between nanopore and
bulk, the equilibrium yc, 10nm in Case C is higher than that in Case B. For
PYb > P > Pdew ye 1onm are the same in Case B and C due to the same
liquid phase properties in bulk. As P further decreases below P%", phase
transition first occurs in the 10-nm pores, and the equilibrium yc¢, 10nm
decreases more in Case B than Case C as P decreases. As fluids in 10-nm
pores split into liquid-vapor two phases, the properties of vapor and
liquid two phases are the same in Case B and Case C. However, the
volume fractions of those two phases are different due to different vol-
ume ratios of pores and bulk. Within the two-phase region of 10-nm
pores, liquid phase density increases, while its volume decreases
asPdecreases [20]. The competition between density and volume causes
the different trends in equilibrium y¢, 10nm in Case B and C. After the
fluids in 10-nm pores completely vaporize, phase transitions can occur
in 5-nm pores for Case B, and as fluids vaporize in 5-nm pores, Y¢, 10nm
increases in 10-nm pores. It is because the chemical potential of C3 in
bulk, which is equal to the liquid-phase chemical potential of C3 in 5-nm
pores, increases as P decreases within the 5-nm pores two-phase region.
Such phenomena also affects the fluid properties in 10-nm pores as
molar fraction of C3 in them increases. On the other hand, the equilib-
rium compositions of C3 in 5-nm pores, y¢, snm, for Case A and B, are
shown in Fig. 5. For Case B, the equilibrium yc, snm increases as P de-
creases when phase transition occurs in the 10-nm pores due to the
interplay between nanopores and bulk, which suppresses the phase
transitions (both P22 and P%" ) in 5-nm pores. In contrast to Case A,

5nm 5nm
both P2b and P%" are lower in Case B.

Snm Snm

In Fig. 6, we summarize the equilibrium C3 composition in bulk, 10-
nm and 5-nm pores when phase transitions occur in Case B. Within the
bulk vapor-liquid two phases region, C3 composition in bulk region
decreases while those in 10-nm and 5-nm pores increase as P declines. It
is because the competitive adsorption enhances the composition of the
heavier component in nanopores as shown in Figs. 4 and 5. When
PG <P<Piim,
in bulk and 5-nm pore increases. When P2 <P<P2b ~ C; compositions
in bulk and 10-nm pores increases, while that in 5-nm pores decreases.
Thanks to the stronger confinement effect in the smaller pores as well as
the heavier component accumulation induced by interplay between
nanopores and bulk, phase transition in the smaller pores occurs at
lower pressures in shale multi-scale system. Overall, in the multi-scale
system with PSD effect, when phase transition occurs in one specific
region (bulk, 10-nm or 5-nm pores), the heavier component composition
in this region decreases, while those in other regions increase. This
interplay effect is in line with nanofluidic experiments by Wang et al.
[16] and Jatukaran et al. [58].

In Fig. 7, we present the ratio of molar percentage of C3 in bulk to
that in the total system for Case A, B and C. The effect from different PSD
becomes significant when pressure is below P&, which is also the main
pressure range when C3 can be released from nanopores. The higher
volume ratio of the smaller pores in the system suppresses C3 release
process to a lower pressure condition and results in the smaller per-
centage of Cs in the bulk region. It is because not only the effect of fluid-
surface interaction becomes stronger as pore size decreases, but also the
heavier component accumulates in the smaller pores when phase tran-
sition occurs in the larger pores. Overall, C3 adsorbed into nanopores
within bulk vapor-liquid coexist region due to competitive adsorption
while it released from nanopore to outside bulk when bulk fluids in
single phase, especially when phase transition happens in nanopores.
Compared to Cs, C; can be continuously released from the nanopores to
the bulk region for the entire pressure range as shown in Fig. S5
(Supplementary Information).

Cs composition in 10-nm pores decreases, while those
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Fig. 6. The equilibrium y¢, in bulk, 10 nm and 5 nm pores when phase transitions happen in Case B.
3.2. CVD
100%

——Case A Fig. 8 presents the schematic diagram for phase transitions occuring
qE) 90% ——Case B in Case B during the CVD process at 288.15 K. Similar to the CCE pro-
§ Case C cess, phase transitions occur in the multi-scale system following the
o g0y | s R sequence of bulk, larger pores, smaller pores as P declines. Different
'E«, 1o 51/0— e from CCE, C;-C3 mixtures in excess volume is depleted to keep the

% 42.0% .
Q\D 70% . % . volume of bulk recover back to Vj as Pdecreases. Due to competitive
o % 5%
x g iy adsorption in nanopores, the depleted fluids in bulk region has a lower
= 47% 0% sy Py :

2 . C3 composition compared to the overall C3 composition in the system. As
< 60% | a result, the remaining fluids in the total system become heavier as
o’ pressure drops. The heavier fluids in the system lead to instantaneous

50% - phase transitions in nanopores as shown in Fig. 8f and h.
In Fig. 9, we present the equilibrium y¢, j for different cases in CVD
40% e L L L process. When P > P2, the expanded bulk volumes in the CVD process
g L <l P (bar) oe i recover back to V by depleting excess volume of pure liquid fluids in the

Fig. 7. Ratio of molar percentage of C3 in bulk to that in total system for Case

A, B, and C during the CCE process. The open circles represent P}, the solid

. bub
circles represent P{, the open squares represent P} .

b
P{3tm: P,

ew
represent P& .

the solid squares

represent the open triangles represent and the solid triangles

bulk region. The nanoconfinement effect on the bulk fluid properties is
stronger in CVD process compared to CCE, which leads to a lower bulk
C3 composition and a slightly higher P“*. However, the difference be-
tween P’g”b from CCE and CVD processes is negligible due to the small
liquid phase volume expansion in bulk. For P?“® > P > Pdv_ the bulk
region begins to vaporize and a bulk vapor-phase emerges. The vapor
phase in the bulk liquid-vapor two phases is depleted from the system,
which alters the composition of remaining bulk fluids. As pressure
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decreases, because C3 is adsorbed into the nanopores, the equilibrium C3
composition in the bulk region decreases. Then, the C3 composition in
bulk increases due to the excess bulk vapor-phase depletion. Overall, the
effect of depletion is stronger than that of adsorption. Bulk C3 compo-
sition keeps increasing during the CVD process, which decreases P
compared to the CCE process. Further decreasing P belowP;®, phase
transition occurs instantaneously in nanopores following the sequence
of pore size from large to small. The change of equilibrium composition
of C3 in 10-nm pores and 5-nm pores, Y¢, 10nm and Yc, snm, are similar to
the CCE process.

The ratio of molar percentage of produced Cs to that in the initial
system during the CVD process in different systems are shown in Fig. 10.

The release of the C;/Cg mixture shifts from the larger pores to the
smaller pores. Recently, Li et al. [59] and Ma et al. [60] observed a
similar phenomenon during CO, huff-n-puff and they claimed that the
oil from the smaller pores is hard to be produced. Only around 30% of C3
in the initial system could be produced until P decreases to P¥". More
than 60% of C3 are produced when P < Pgew, which is the pressure range
when the effect of PSD becomes significant. The higher volume ratio of
the smaller pores in the system suppresses Cs production process.
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Fig. 11. The bubble point and dew point in bulk, 10-nm pores, and 5-nm pores during CCE and CVD processes for Case A, B and C.

3.3. Bubble point and dew point pressures

In Fig. 11, we summarize P{%, plew, Pg“b, Pgm in different nanopore-
bulk multi-scale systems during the CCE and CVD process. The higher
volume ratio of the smaller pores in the system results in a higher Pg“b
and a lower P, As a result, the bulk two-phase region expands from
Case C to Case A. The bulk two-phase regions in CVD process are larger
than those in CCE process due to the lower P#*, which is caused by keep
depleting lighter component in excess volume depleting process. For
nanopores, the breadths of vapor-liquid two phases regions are rela-
tively narrow and mainly influenced by the volume ratio of bulk and
nanopores [20]. In CCE process, the phase transition in 10-nm pores
occurs at a higher pressure in the PSD model compared to the uniform
pore size model. Under PSD effect, the phase transition in the smaller
pores occurs at a lower condition compared to the uniform pore size case
due to the heavier component accumulation. For CVD process, depleting
lighter component from the total system further narrows the breadth of
two-phase region in nanopores. In fact, the C;-C3 mixtures in nanopores
become almost pure Cs, which leads to instantaneous phase transitions.
Due to the PSD in shale media, phase transitions in the shale multi-scale
system is a continuous process which cannot be described by a specific
phase diagram by general EOS based methods.

4. Conclusion

In this work, we simultaneously consider the effect of fluid-surface
interaction, interplay between nanopores and macropores/fractures,
PSD inherent in shale media to investigate phase behaviors of C;/C3
mixture during CCE and CVD processes.

For both CCE and CVD processes, under the PSD effect, fluid phase
transitions occur in the sequence of bulk, the larger pores, and the
smaller pores, as pressure declines. When phase transition occurs in one
specific region (bulk, 10-nm or 5-nm pores), the heavier component
composition in this region decreases, while those in other regions in-
crease. The effects of PSD become obvious when P < Pge“’, which is also
the main pressure range when Cs can be released from the nanopores. In
the CVD process, more than 60% of Cg are produced when P < P
Overall, the higher volume ratio of the smaller pores in the system
suppresses the heavier component production process. This is not only
because of the stronger confinement effect in the smaller pores, but also
the heavier component accumulation induced by interplay between
nanopores and bulk.

For bubble point and dew point in bulk, P{*’and P{", when the
volume fraction of the smaller pores in the system is higher, P}* is
higher, while P{¢¥ is lower, leading to an expanded bulk two-phase re-
gion. Compared with CCE process, the bulk two-phase regions in CVD
process are larger due to a lower Pge‘”. For two-phase regions in nano-
pores, in CCE process, for a given nanopore, two-phase region expands
as the volume ratio of pores to the initial bulk region increases [20]. In

CVD process, phase transitions happen instantaneously in nanopores at a
lower pressure condition compared to CCE process. It is because with
lighter component depleted from the entire system, the heavier
component composition in pores is higher and the C;/C3 mixture in
nanopores becomes predominantly as pure Cs.

Our findings are also in line with the nanofluidic measurements for
ternary hydrocarbon mixtures [58]. Model two-component systems
(synthetic fluids) which are in the same homologous series as the multi-
component systems (actual shale oil) have been widely used to study the
underlying mechanisms of phase behaviors [61]. Thus, we believe that
our work can provide important insights into hydrocarbon mixture
phase behavior in shale formations. Based on thorough understandings
about the phase behaviors in multi-scale shale matrix, this work evalu-
ates the PSD effect on hydrocarbon thermodynamic properties and
productions in shale matrix, which is imperative for the accurate pre-
diction of well productivity, ultimate oil recovery and future EOR
consideration.
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