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Abstract
Estimating the fluid imbibition flow in natural system composed of nanopores is challenging
due to the strongfluid/rockmolecular scale interaction and the invalidation of themacroscopic
thermodynamics treatment. We develop an analytical model for Lennard-Jones fluid imbibi-
tion into an organic nanopore considering the phase transition and fluid/rock intermolecular
interactions. In addition, we apply the proposed model on octane molecules imbibition into
1–10 nm slit-shape graphite nanopores under the standard and shale reservoir condition. Pre-
dicted velocity and density profiles of 2 nmmodel at the standard condition show that octane
molecules first imbibe as vapor phase at around 200–300 m/s and form adsorbed layers near
the pore wall. Velocity and density profiles are compared with the molecular dynamic simu-
lation results. Calculated mean velocities of the analytical model and simulation are around
103–104 of those predicted by classical models, which are similar with previous experimental
results. Reservoir condition results show octane can fast flow only when the driving pressure
is greater than 0.12 MPa when the initial reservoir pressure is 5.72 MPa. Particularly, the
impact of the fluid phase transition on the imbibition rate is significant in organic nanopores.

Keywords Imbibition · Adsorption · Nanopore · Phase transition

1 Introduction

As the arising development of organic-rich tight and shale reservoirs, which consist of organic
nanopores, the estimation of hydrocarbon stored and recoverable oil in organic nanopores
are significant for oil industries (Lan et al. 2015). Organic nanopores is one of three main
pore spaces where hydrocarbon is mainly stored in organic-rich tight and shale reservoirs
(Riewchotisakul and Akkutlu 2016). The key factor of recoverable reserve estimation is to
investigate the transport of oil in nanopores.

In addition, the fluid flow mechanism in nanopores is very different with the classical
continuum model (Cai et al. 2014; Cai and Yu 2011; Saif et al. 2016). For nature shale and
tight rocks, which are organic-rich and composed of nanopores, recent contact angle tests
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Fig. 1 Contact angles of oil (a) and brine (b) on the dry and clean surface of tight rock samples (Lan et al.
2015)

Fig. 2 a Saturated oil samples in the brine (Habibi et al. 2016) and b cross section of the target sample (Habibi
et al. 2016). In b, Layer 1 contains more quartz and feldspars, Layer 2 contains more pyrite, quartz and
feldspars and Layer 3 contains more quartz, feldspars and carbonates

(Lan et al. 2015) (Fig. 1) showed that oil with less capillary pressure could imbibe into tight
rocks immediately. These results indicate the classical theory cannot explain the previous
contact angle result. Yassin et al. (2016) measured the oil fast imbibition and Habibi et al.
(2016) conducted counter-current imbibition at room pressure and temperature. Their results
(Yassin et al. 2016) showed oil could fast imbibition into organic nanopores. Therefore, it is
essential for investigating the fluid imbibition flow in nanopores (Fig. 2).

Recent researches (Supple and Quirke 2004, 2005; Wang et al. 2016; Whitby and Quirke
2007; Gruener et al. 2009; Sokhan et al. 2001) on fluid transports in nanopores mainly
focus on simulations and experiments. Current analytical studies generally use equations of
Young and Laplace (YL) (Rowlinson andWidom 1982) and Hagen–Poiseuille (HP) model to
calculate the driving pressure and the velocity at macroscale, respectively. Particularly, recent
theoretical and experimental researches presented the fluid surface tension at nanoscale is
significantly different with the bulk value (Supple and Quirke 2004) and is hard to measure.
In addition, it is challenging to analytically model the fluid flow in nanopores due to the
invalidation of macroscopic thermodynamics treatment at molecular scale (pore size≤8 nm)
(Supple and Quirke 2004, 2005; Wang et al. 2016), the complex phase transition (Whitby
and Quirke 2007) and the lack of accessible driving pressure and motion equation. There is a
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need for further analytical model of the fluid imbibition in organic nanopores meeting above
challenges.

Supple and Quirke (Supple and Quirke 2004, 2005) simulated decane molecules imbi-
bition in 0.7–2.2 nm carbon nanotubes using molecular dynamic method. Their simulation
results presented the surface tension of decane molecules in nanopores ranges from 0.8 to
9.87 mN/m, which is significantly less than bulk value (22–23 mN/m). Imbibition rates of
decane molecules in 1.3–2.2 nm carbon nanotube range from 10 to 400 m/s, which are
102–104 of imbibition rate expected by classical models. These results suggest the driving
pressure of fluid imbibition in nanopores cannot be calculated by the bulk surface tension and
the fluid flow rate is extremely high. Rossi and Ye (2004) conducted experiments to investi-
gate water condensation in a 50–250 nm carbon nanotube. The temperature of the set-up was
set constant, generally to 4 or 5 °C. Their transmission electron microscopy (TEM) images
of water meniscus in a carbon nanotube indicated the condensation phenomenon. Their visu-
alized video results showed the existent of the phase transition during the flow procedure.
These results indicate classical models, ignoring phase transition, cannot describe the fluid
imbibition in nanopores. Jin and Firoozabadi (2015) investigated the phase behavior and
pressure-driven flow of methane in carbon slits using density functional theory and molec-
ular dynamic simulations. They showed the flux is around one to two orders of magnitude
larger than predictions from the Knudsen diffusion and HP equation in 3 nm long carbon
nanopores. In addition,Majumder et al. (2005a) measured the pressure-driven flow of hexane
and decane through around 7 nm carbon nanotube membranes at 0.7–1 bar applied pressure.
All experiment set-ups were placed at the room temperature during the whole procedure.
Carbon nanotube membranes were initially dry in the air, and then, place is the sealed flow
cell at 1.01 bar before experiments. Measured flow rates of hexane and decane are around 104

and 103 of those predicted by the classical model, respectively. This result indicates that the
fluid flow in organic nanopores is significantly faster than that expected by classical models.

In this paper, we develop an analytical model for a Lennard-Jones (LJ) fluid imbibition
into organic nanopores, which considers the phase transition, the fluid/wall intermolecular
interaction and the invalidation of macroscopic thermodynamics treatment. The objective
of this paper is to investigate phase transition, adsorption and imbibition rates in organic
nanopores. The rest of this paper is composed of following sections. In Sect. 2, we develop
an analytical model for LJ fluid imbibition in 1–10 nm organic nanopores using density
functional theory (DFT) (Tarazona 1985; Lastoskie et al. 1993; Li et al. 2014), local chemical
potential differences and Newton’s law. In Sect. 3, we simulate octane molecules imbibition
into 1–10 nm graphite slits to compare with analytical model results. In Sect. 4, we apply
the proposed model on octane molecules imbibition into 1–10 nm graphite slit-shape pores
under standard condition and reservoir condition. In Sect. 5, we discuss the limitation and
the inaccuracy of the proposed model.

2 Theoretical Models

In this paper, we model the LJ fluid imbibition in organic nanopores using analytical model
and molecular dynamic (MD) simulation. Both the analytical model and the MD simulation
use the same imbibition model, which is schematically illustrated in Fig. 3. The open-end
slit represents the organic nanopore, which is composed of two gray graphite substrates.
The slit is initially dry, and then placed in a fluid reservoir filled with the bulk fluid. From
the contact angle and imbibition experiments, we know the wettability of rocks is measured
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Fig. 3 Schematic illustration of
the imbibition model. The green
and the gray parts represent the
fluid molecules and the slit,
respectively. The width, length
and depth of the slit are denoted
by w, L and h, respectively. The
distance from the slit center is x,
and the imbibed length is l

Table 1 Comparison of gravities and surface tension calculated by YL equation of fluid molecules in different
size nanopores

Condition T � 300 K, P � 0.1 MPa T � 353 K, P � 23.47 MPa

Width (nm) 1 2 5 10 1 2 5 10

Density (g cm−3) 0.89 0.81 0.78 0.75 1.18 1.04 0.89 0.81

Gravity (10−20 N) 0.13 0.24 0.57 1.10 0.17 0.30 0.65 1.20

Surface tensionYL (10−9 N) 6.6 3.3 1.32 0.66 6.6 3.3 1.32 0.66

at the standard condition. Thus, the temperature, T , and pressure, P of the system are set
to 298 K and 0.1 MPa, respectively. Combined with the pore size distribution analysis of
previous target organic-rich shale (Lan et al. 2015), we select 1–10 nm organic pores. Thus,
open-end nanopores, ranging from 1 to 10 nm, are the vacuum before the imbibition under the
condition of room temperature and pressure. According to the comparison with the surface
tension calculated by YL equation (Table 1), the gravity of fluid molecules at nanoscale is
extremely small and can be neglected, as similarly done (Supple and Quirke 2004, 2005;
Wang et al. 2016; Lastoskie et al. 1993; Li et al. 2014; Ravikovitch et al. 2001).

2.1 Density Model

According to previous studies (Tarazona 1985; Lastoskie et al. 1993; Li et al. 2014;
Ravikovitch et al. 2001), phase behaviors of fluid in nanopores are complex andfluidmolecule
distribution at the cross section of the nanopores is inhomogeneous. Considering fluid den-
sity oscillation in the nanopore and phase transition, non-local DFT is used to model the
fluid density profile. Non-local DFT has successfully applied to investigate the condensation
profile and phase transition in previous studies (Tarazona 1985; Lastoskie et al. 1993; Li et al.
2014; Ravikovitch et al. 2001). Since non-local DFT is used to model the LJ fluid (Tarazona
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1985), we choose LJ fluid in the proposed model. In addition, the fluid molecule is modeled
by the hard-sphere method (Tarazona 1985).

Assumptions of the proposed model are listed as:

a. The system is NVT system. Temperature of the whole system and the pressure of the
fluid reservoir are constant.

b. Single-phase fluid molecules imbibe into the slit.
c. Fluid density distributions are homogeneous within dl along j-axis. We divide the slit

length into various dl (j-axis): L �
L∫

0
dl. Within each dl, we assume the fluid density

distribution along j-axis is homogeneous. For different dl, the fluid density distribution
along j-axis is different.

d. The imbibition time is at peso second scale. According to our and previousMDsimulation
works (Supple and Quirke 2004, 2005; Jin and Firoozabadi 2015, 2016), the fluid flow
rate is relatively steady within several ps. Thus, the time interval of the proposed model
is at ps scale.

Then, the density profile of fluid molecules on the cross section of the nanopore at dl can
be calculated by (Tarazona 1985; Lastoskie et al. 1993; Li et al. 2014; Ravikovitch et al.
2001)

ln ρ(x) � 1

kT

⎛

⎝−μ + Vext(x) + fex(ρ̄(x)) +
∫

V

x ′ρ�att
(∣∣x − x ′∣∣)dx ′

−kT
∫

V

λ(x ′)wi
[∣∣x − x ′∣∣; ρ̄(x ′)

]
dx ′

⎞

⎠ − lnΛ3 (1)

λ(x) � −ρ(x) f ′
ex(ρ̄(x))/kT[

1 − ∫

V

∂wi [|x−x ′|;ρ̄(x)]
∂ρ̄(x) ρ(x ′)dx ′

] (2)

where V ext(x), �att and ρ̄(x) are the external potential of fluid molecules, the fluid/fluid van
derWaals attraction potentials and the smoothed density, respectively. x and x′ are the distance
from the slit center, respectively. f ex[ρ(x);d], wi and μ are the excess hard-sphere Helmholtz
free energy, the normalized weight function (Tarazona 1985) and chemical potential of the
bulk fluid, respectively. Details of DFT are presented in “Appendix A.”

2.2 Driving Pressure

Generally, the thickness of fluid in the interfacial tension test is around 10−3 m. At this
scale, the fluid is a continuum and single-phase fluid, which is very different with fluid at
nanoscale. According to previous studies (Supple and Quirke 2004, 2005), fluid molecules in
the nanopore are not continuum fluid. An accurate experimental measurement of the surface
tension of fluid in the nanopores is not easy (Ravikovitch et al. 2001). Previous study (Zeng
et al. 2011) has shown the line tension difference can be calculated as the driving pressure at
nanoscale. Considering the line tension, which is the excess free energy per unit length of the
line where two phases meet (Zeng et al. 2011), and the fluid/pore intermolecular interactions,
we calculate the chemical potential difference, �μ, between fluid in the nanopore and bulk
fluid as the driving pressure of the imbibition. According to statistical mechanics (Hummer
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et al. 1996; Qin et al. 2011), the average number of fluid molecules (<N>) of a specific
volume at dl is related to the local excess chemical potential difference as (Hummer et al.
1996)

N

ρbulk�V
� exp

[

− 1

kT

(
μex
in − μex

bulk

)
]

� exp

(

− 1

kT
�μ

)

(3)

where ρbulk and �V are the bulk fluid density and the specific volume at the cross section
of the nanopore at dl, respectively. μex

in and μex
bulk are the fluid molecules inside the nanopore

and the bulk fluid, respectively.
The chemical potential difference can be calculated by (Qin et al. 2011)

�μ � RT ln
ρbulk

ρ
(4)

where R and ρ are gas constant and density of fluid molecules at equilibrium state in the
nanopore, respectively. The driving pressure, �P, is determined by the chemical potential
difference (Qin et al. 2011):

�P � − �μ

Vmol
� − RT

Vmol
ln

ρbulk

ρ(x)
(5)

where Vmol is the molar volume of fluid. Since the density is a function of x, the driving
pressure can be calculated as a function of x. Pressure is a basic thermodynamic variable that
defines the state of a system and can be defined at nanoscale (McQuarrie 1976). To connect
the chemical potential difference and the driving force, pressure is defined as the force per
unit area in the proposed model, which is similar with previous work (McQuarrie 1976).
Combined with assumption c, we define fluid density at dl as ρt and ρt−1 are the imbibed
fluid density at dl of specific time step t and that of one-time step before t, respectively. Then,
the driving pressure can relate to the chemical potential difference in Eq. 5. In the proposed
model, the driving pressure of specific time, t at dl is calculated as

�Pt (x) � − RT

Vmol
ln

ρt−1(x)

ρt (x)
(6)

Here �V of Eq. 3 is defined as the volume, the width of which is x at the cross section along
i-axis, the depth of which is 5 nm along k-axis and the length of which is dl along j-axis.
Thus, ρt(x) and ρt−1(x) of Eq. 6 are related to Eqs. 1–2. Values of ρt(x) and ρt−1(x) in Eq. 6
are discussed in Sect. 5.

2.3 ImbibitionModel

According to previous work (Whitby and Quirke 2007) and our results, fluid pressure within
a 50–102 nm distance along j-axis is orders of magnitude variations. In this paper, dl is set to
be 3 nm and discussed in Sect. 5. In addition, the time scale of the proposed model should be
peso second to keep the pressure variation steady. According to previous experimental works
(Whitby and Quirke 2007;Wang et al. 2014) and simulation works (Supple and Quirke 2004,
2005; Ravikovitch et al. 2001), fluid pressure and density at peso second scale within 3 nm
distance interval along j-axis are relatively steady.

Considering the macroscopic thermodynamics’ treatment fails in continuous region
(<8 nm) (Liu and Li 2011) and the equilibrium distance between fluid and wall, we apply
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Fig. 4 Fluid/wall van der Waals
potentials of imbibed octane
molecules versus distances from
the slit center in 2 nm model

Newton’s law on fluid molecules in 1–10 nm models. The total force, F, applied on all fluid
molecules at distance x can be calculated by

F � m(x)
dv(x)

dt
(7)

where m and v are the mass and the velocity of fluid molecules at t, respectively.
The driving force, Fd, is

Fd � �P(x) · h · dx (8)

In this paper, the force of the fluid/wall interaction is quantitatively described by the mean
‘friction’ force, Fi, and the ‘collision coefficient,’ α10. Due to the fluid/wall intermolecular
attractive energy, fluid molecules will move toward the wall. When the distance between the
fluid molecule and the wall atom is less than the equilibrium distance (Eq. A9), the fluid/wall
attractive energy turns to be repulsive energy. Thus, the fluid molecule velocity along i-axis
toward the wall decreases, and then the velocity away from the wall increases. This procedure
ismacroscopically defined as the collision. In fact, the fluidmolecule does not collidewith the
wall. For instance, we calculate the fluid of octane molecules in 2 nm graphite slit. Figure 4
shows the fluid/wall van der Waals potential of imbibed octane molecules in 2 nm nanopore.
The impact of the fluid/wall intermolecular interaction is significantly obvious near the wall.
The thickness of such impact region, hads is around 2σ sf for 2 nm model. The impact of the
fluid/wall interaction is relatively weak in the center region, and the thickness of the center
region is (w − 2hads). Therefore, mean ‘friction’ force and α are defined within the impact
region.

For the impact region, where − w/2< − x < − w/2 + hads and w/2 − hads <x <w/2, the
impact of the fluid/wall interaction are quantitatively calculated as (Tarazona 1985)

α � uout − uin
v(x)

(9)

where uin and uout are the velocity of fluid molecules near the wall before and after the
fluid/wall interaction, respectively. Since α is caused by the fluid/wall van der Waals inter-
actions, α � 0 in the center region when − w/2 + hads <x <w/2 − hads.

Then, Fi can be calculated as

Fi � αm(x)v(x) (10)
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Table 2 Parameters of intermolecular interactions used in analytical models (Tarazona 1985; Lastoskie et al.
1993; Li et al. 2014; Ravikovitch et al. 2001)

T (K) k (10−23 J/K) 
 (Å) εff (kcal/mol) σ ff (Å) εsf (kcal/mol) σ sf (Å) α

298 1.38 0.87 0.10 3.8 0.15 3.5 0.002

Combing Eqs. 7–10, we get

F � (Fd − Fi ) � �P(x) · h · dx − αm(x)v(x) � m(x)
dv(x)

dt
(11)

Since m(x) � dx · l · h · ρ(x) and dv � dl/dt , we have

d2
[
l2(x)

]

dt2
+ α

d
[
l2(x)

]

dt
� 2�P(x)

ρ(x)
(12)

For − w/2< − x < − w/2 + hads and w/2 − hads <x <w/2, we get

v(x) � 1

2
·
(
2�P(x)

ρt (x)

)1/2(
1 − e−αt )(αt + e−αt − 1

)−1/2
(13)

For − w/2 + hads <x <w/2 − hads, we get

v(x) �
(−RT ln ρt−1(x)

ρt (x)

Vmolρt (x)
· et

)1/2

(14)

According to assumption d, the time scale is ps, which means et is around 1. In the
proposed model, fluid molecules move toward both i-axis, j-axis and k-axis. Since there is
no pore wall along k-axis, fluid molecule distribution is homogeneous. Since two pore walls
along i-axis are the same, fluid molecule distribution and velocity are symmetric.

In this paper, we apply the proposed model on octane molecules in 1–10 nm graphite slit.
Table 2 lists parameters used in the analytical model (Eqs. A6–A9). In the proposed analytical
model, σ ff and σ sf are the equilibrium distance between octane/octane and octane/graphite
molecules, respectively. εff and εsf are potential well of the van der Waals energy between
octane/octane and octane/graphite molecules, respectively. Subscripts of f and s represent
the fluid and wall.

3 Molecular Dynamic Simulation

To investigate details of the phase behavior and fluid transport, we previously performed the
MD simulation (Yang et al. 2016) of octane molecules imbibition into 1–10 nm graphite
nanopores using Material Studio 7.0 (Run by Shenzhen cloud computing center of the China
national supercomputing center in Shenzhen). The MD simulation model is the same as the
analytical model and illustrated in Fig. 3. The size of the simulation cell and fluid reservoir
are 100×50×5 nm and is 100×20×5 nm, respectively. L and h of the simulation model
are 30 nm and 5 nm, similarly done (Supple and Quirke 2004, 2005). Bulk density of octane
molecule reservoir is set to 0.74 g/cm3.

The total energy of the simulation model contains the intramolecular and intermolecular
energy. The intramolecular energy includes bend energy, Uθ , and torsional energy, Uϕ . The
bond length is fixed in this simulation, which is similar with previous works (Supple and
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Table 3 Parameters of
intramolecular energy used in
MD simulations (Supple and
Quirke 2004; Supple and Quirke
2005; Yang et al. 2016)

Energy Octane

CH3–CH2–CH2 CH2–CH2–CH2

Bend kθ

(kcal/mol rad2)
θ (°) kθ

(kcal/mol rad2)
θ (°)

124.62 114 124.62 114

Torsional V1 (kcal/mol) V2 (kcal/mol) V3 (kcal/mol)

0.7078 − 0.1359 1.5696

Table 4 Parameters of
intermolecular energy used in
MD simulations (Supple and
Quirke 2004, 2005; Yang et al.
2016)

Site σ (Å) E (kcal/mol) Q (e)

Octane

C in CH3 3.75 0.196 –

C in CH2 3.95 0.092 –

H in CH2 or CH3 0 0 –

Graphite

C 3.4 0.056 –

Quirke 2004, 2005). The bend energy and torsional energy can be calculated as (Van der
Ploeg and Berendsen 1982)

Uθ � 1

2

∑

i

kθ

(
θi − θ0i

)2
(15)

Uϕ � 1

2

∑

i

Vi (1 + cos iϕ) (16)

where θ0i and ϕ are the equilibrium angle between two i atoms and the dihedral angle of
every four connected i atoms, respectively. Table 3 lists parameters of intramolecular energy
used in Eqs. 15–16 (Supple and Quirke 2004, 2005; Yang et al. 2016).

In addition, the van der Waals intermolecular energy in the simulation is described by the
Lennard-Jones 12–6 equation (Tee et al. 1966)

Uvdw(r ) � 4εi j

[(σi j

r

)12 −
(σi j

r

)6]

(17)

σi j � 1

2

(
σi i + σ j j

)
(18)

εi j � √
εi iε j j (19)

where Uvdw(r) is the van der Waals energy. εij, σ ij and r are the potential well, the equi-
librium distance, and the distance between atom i and atom j. The force field used in MD
simulations is the classical TraPPE force field (Martin and Siepmann 1998), which usually
describes interactions of octane/octane molecules and octane/carbon atoms of graphite slit.
Details of the simulation are described in previous study (Yang et al. 2016). Table 4 lists
parameters of intermolecular energy used in Eqs. 17–19 (Supple and Quirke 2004, 2005;
Yang et al. 2016).

We use canonical ensemble (NVT ensemble) for molecular dynamics simulations and
Nosé-Hoover thermostat and Verlet integration (Supple and Quirke 2004) to integrate the
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Fig. 5 M/Mt versus P/Pt in 2 nm
model. Blue dash line and gray
dot line represent the imbibition
isotherm and phase transition
line, respectively. Four
characteristic points are discussed
in the text. Mt and Pt represent
the total imbibed mass and the
pressure when the nanopore is
fully filled with octane molecules
at 298 K, respectively

Newton’s equations of motion. The time step of the simulation is 1 fs, and the total simulation
time is 300 ps, as previous done (Supple and Quirke 2004, 2005). The Ewald summation is
used to calculate long-range Coulomb interaction and the cutoff distance is set to 1.25 nm.
The periodic condition is applied in all directions. More details are described in our previous
study (Yang et al. 2016).

4 Results

4.1 Vapor–Liquid Equilibrium

In this paper, the conception of vapor state or liquid state represents the fluid which has a
vapor or liquid state density. To explain previous imbibition experiments (Habibi et al. 2016),
we select the condition of the system is at room temperature and pressure. Since the nanopore
is the vacuum at room temperature and pressure, fluid molecules start to imbibe when the
nanopore contacts the bulk fluid reservoir. The pressure inside the nanopore increases as fluid
molecules imbibe. Therefore, there is a phase transition of imbibed fluid molecules in the
nanopore. Considering the phase transition, we use state equations to calculate the pressure
of the system, as previously done (Ravikovitch et al. 2001).

Figure 5 shows the normalized imbibed mass, M/Mt , versus the normalized pressure,
P/Pt , in 2 nmmodel calculated by previous study (Ravikovitch et al. 2001). At Point A, fluid
molecule starts to imbibe into the nanopore as vapor phase. The pressure inside the nanopore
increases as fluid molecules imbibes in. Thus, there is a phase transition as the fluid pressure
increases. Considering the phase transition, we use state equations to calculate the pressure
of the system, as previously done (Ravikovitch et al. 2001).When the pressure of the imbibed
fluid molecules is approaching to Point B, the pressure decreases. This suggests the phase of
some fluid molecules transits from vapor to liquid state at Point B. From the first data point
to Point B, all fluid molecules imbibe as vapor phase. Due to the fluid/pore attraction, the
phase transition starts with adsorbed layers and extents to the pore center. Since molecular
interactions are continuous and U-shape (Fig. 4), there is a threshold of driving pressure.
Fluidmolecules canmove, only when the driving pressure is greater than the threshold. These
results may be visualized by previous work (Rossi et al. 2004) on water transport in carbon
nanotubes. As a result, the distribution of fluid molecules along j-axis is inhomogeneous and
not continuous for the whole nanopore. Therefore, we have the assumption c. At Point C,
imbibed fluid molecules have transited into liquid phase. The region between Point B and C

123



An Analytical Model for Fluid Imbibition in Organic Nanopores 605

Fig. 6 Octane density profiles versus distances from the slit center in 2 nm nanopore at Point A–B (a) and at
Point C–D (b). x � 0 represents the slit center

represents the vapor–liquid coexistent region. Within this region, some octane molecules are
as vapor phase and others are as liquid phase. The phase transition in this region is reversible.

4.2 Adsorption andVelocity

Figure 6a compares octane density profiles on the cross section of the 2nmnanopore at PointA
and B calculated by Eqs. 1–2. Figure 6b compares density profiles at Point C andD calculated
by Eqs. 1–2 and that obtained from simulation, respectively. At Point A, the density of octane
molecules near the wall is around 0.0006 g/cm3. This result means octane molecules imbibe
into nanopore and stay near the pore wall. According to Fig. 4, imbibed octanemolecules stay
at 2.0 Å≤x ≤8.2 Å, where octane molecules are significantly influenced by the fluid/wall
intermolecular interaction.

At Point B, there is a high peak of the density profile (x ≈7.1 Å), which is around
0.22 g/cm3, and the density of the center region is around 0.075 g/cm3. The density of the
region between the center region and the peak is around 0.09 g/cm3. Combined with Fig. 4,
this peak density is caused by the strong fluid/wall interactions near the wall. In addition,
fluid molecules at 5.4 Å≤x ≤8.2 Å and at 2.0 Å≤x ≤5.4 Å are defined as the first adsorbed
layer and second adsorbed layer, as previously done (Fathi and Akkutlu 2014; Cristancho
et al. 2017).

Particularly, octane molecules form adsorbed layers near the wall as vapor phase, and then
fill the slit center. As the imbibed molecule increases, the imbibed octane molecules are as
liquid phase at Point C. The comparison of Point B and C shows that the phase transition
firstly occurs in adsorbed layers and then extents to the slit center. This process is visualized
by previous experiments on water transport in 50 nm carbon nanotube (Whitby and Quirke
2007). At Point D, the density profile of MD simulation is similar with that predicted by
Eqs. 1–2. The predicted density of the first adsorbed layer and the second layer when w �
2 nm are around 2.38 g/cm3 and 0.80 g/cm3, respectively. The density in the center region
whenw� 2 nm ismuch less than that of adsorbed layers due to theweakfluid/wall interaction.
Since the octane molecule is modeled by the hard-sphere model, the impact of the fluid/wall
intermolecular interaction on the density oscillation is more obvious than that obtained from
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Fig. 7 a Velocities predicted by Eq. 13 versus distances from the slit wall, and b, c schematic illustrations of
octane molecules imbibition in the nanopore at Point A. Green spheres and green parts represent single octane
molecule and octane molecules, respectively. Gray part represents the wall of the graphite nanopore

MD simulation. Then, densities of the first adsorbed layer calculated by Eq. 1 are higher than
those obtained from MD simulation.

Figure 7a shows velocity profiles of imbibed octane molecules at Point A calculated by
Eq. 14. Figure 7b, c schematically illustrates the imbibition of the first adsorbed layer and the
second adsorbed layer at Point A. In i-axis direction, octanemolecules form the first adsorbed
layer due to the fluid/wall attractive energy. However, octane molecules do not be fixed at the
first adsorbed layer place (Fig. 6b). According to Figs. 4 and 7a, octane molecules move fast
at about 300 m/s (j-axis) due to the strong fluid/wall repulsive energy and the strong driving
pressure. Then, octane molecules imbibe into the nanopore at around 200 m/s (j-axis) and
form the second adsorbed layer (i-axis). This fast imbibition of adsorbed layers is also called
fast wetting in some references (Supple and Quirke 2004; Gruener et al. 2009). At Point A,
both first and second adsorbed layers are vapor phase.

Figure 8 compares velocity profiles obtained from Eqs. 13–14 andMD simulation at Point
B and D. After the fast wetting, octane molecules imbibe in the center region of nanopore
as vapor phase at Point B. Simulation results at Point B (t � 20 ps) show velocities of
octane molecules in the center region and second adsorbed layer (0 Å≤x ≤5.4 Å) fluctuate.
Compared to the center region, velocities of adsorbed layers (5.4 Å≤x ≤7.2 Å) are steadier.
In addition, velocity of the center region and the first adsorbed layer are slightly higher than
that of the second adsorbed layer. Velocity profiles predicted by the proposed model are
similar with simulation results.

When the local pressure (at dl) is above vapor–liquid coexistence pressure (Point C), the
liquid fluid is thermodynamically stable. At Point D, predicted velocities of the center region
and of the second adsorbed layer are around 48 m/s and 40 m/s, respectively. Velocities of
the first adsorbed layer range from 30 to 100 m/s. Due to the strong fluid/wall repulsive
energy, the velocity (100 m/s) is extremely high. Velocities of the center region are slightly
higher than those of the second adsorbed region. Due to the strong fluid/wall intermolecular
interactions, velocities between adsorbed layers and the center region are different. At Point
D, M/Mt equals to 1, which means the imbibition is at equilibrium state (liquid phase, t
� 300 ps). The equilibrium state in this paper exists within short distance (assumption c)
and short time (assumption d), which is totally different with that at macroscale. Velocities
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Fig. 8 Velocity profiles at Point B and D obtained from Eqs. 13–14 and MD simulation

Fig. 9 aMeanvelocities calculatedwith different�N and simulated byS. Supple (Gruener et al. 2009;Tarazona
1985) versus M/Mt and b transport mass of octane molecules calculated by the proposed model and of C9
measured from previous work (Majumder et al. 2005)

predicted by Eqs. 13–14 are similar with those obtained from MD simulation. Compared to
Point B, velocities at Point D obtained from the simulation are steadier.

The mean velocity, va of imbibed octane molecules at t are calculated as follows

va �
∫

v(x)dx

w
(20)

Figure 9a shows the mean velocity of imbibed octane molecules is a function of M/Mt .
As the density of imbibed fluid molecules increases, the velocity of imbibition decreases.
Particularly, the velocity of vapor phase decreases fasts as the fluid density increases. The
impact of the phase transition on fluid imbibition rate is significant. As we know, the contact
angle of fluid is hard to define in the nanopores (Whitby and Quirke 2007; Gruener et al.
2009). Thus, the imbibition rate can represent the wettability of nanopores. For different
fluid, the wettability and saturated fluid type of the real organic nanopore can be made sure
by comparing the imbibition rate predicted by the proposed model. Therefore, the imbibition
model in nanopores is significant for reserve estimation, especially for unconventional reser-
voirs. Due to the phase transition in nanopores, the imbibition rate of LJ fluid in nanopores
is significantly higher than that predicted by classical models. These results suggest that
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previous experimental results (Lan et al. 2015) of the zero oil contact angle on organic-
rich tight rocks, composed of 1–10 nm nanopores, are due to the fast imbibition in organic
nanopores.

According to assumption d and Figs. 7 and 8, we know the impact of the time interval when
calculating the driving pressure in Eqs. 13–14 on the imbibition rate is significant. Since it
is the challenge to get the right time interval, we investigate the impact of such time interval
on the imbibition rate by sensitivity analysis in Fig. 9a. The time interval is quantitatively
represented by �N . �N is the interval difference of imbibed fluid number between two
time steps in Eq. 6. As �N increases, calculated mean velocities increase. Calculated mean
velocities of �N � 60 are similar with previous studies on decane imbibition into graphite
slit (Gruener et al. 2009; Tarazona 1985). These results indicate octane molecules can be
displaced in 2 nm organic nanopore when the density difference between fluid reservoir and
nanopore is greater than around 0.038 g/cm3.

Previous experiments (Majumder et al. 2005b) on imbibition flow of C9 in 3.7 nm carbon
nanotubes at 308 K and at atmospheric pressure show the transport mass of C9 measured
by MV2+ and Ru-(bipy)2+3 are around 6.40 nmol/h and 2.12 nmol/h with 90% confidence.
To compare with this experimental result, the transport mass of octane molecules has been
calculated and shown in Fig. 9b. The transport mass calculated by the proposed model shows
a good agreement with previous experimental results (Majumder et al. 2005b).

4.3 Pore size Sensitivity Analysis

The mean density of imbibed octane molecules is calculated as follows:

ρa �
∫

ρ(x)dx

w
(21)

Since the phase of imbibed fluid significantly affects the fluid velocity, we calculate the
velocity of whole imbibition as

vaw �
∫
V+L v(x)dx

w
(22)

where V and L are vapor and liquid phase of imbibed fluid molecules at distance x, respec-
tively. Figure 10a compares mean densities at equilibrium state predicted by the proposed
model andMD simulation. As the pore size increases, mean densities decrease. Mean density
of w � 10 nm is slightly higher than the bulk density. Compared with MD simulation results,
mean densities calculated by proposed model is slightly higher.

Figure 10b compares mean velocities of the whole imbibition and of the equilibrium
state. Mean velocity of the whole imbibition is higher than that of the equilibrium state.
As the pore size increases, mean velocities of the whole imbibition and equilibrium state
decrease. Predicted mean velocities of the whole imbibition is around 103–104 of those
calculated by HP equation. In addition, estimated mean velocities of the equilibrium state
is around 102–103 of those calculated by HP equation. These velocity results are confirmed
by previous study (Whitby and Quirke 2007) on decane and hexane flow in 7 nm carbon
nanotubes. When w � 10 nm, mean velocity at equilibrium state predicted by the proposed
model is slightly higher than that calculated by HP equation. These results indicate that
the classical imbibition model cannot describe the fluid imbibition in w ≤10 nm organic
nanopores. In sum, imbibition rates of fluid octane in less than 10 nm organic nanopores
are extremely higher than those predicted by classical imbibition models due to the phase
transition and the strong fluid/wall interactions.
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Fig. 10 aMean densities, and bmean velocities predicted by proposed model andMD simulations versus pore
sizes

Table 5 Parameters of different reservoir pressures and pressure differences

Case Pressure (MPa) �P (MPa) T (K) Bulk density
(g cm−3)

�Density (g cm−3 dl−1)

Initial Current Initial Current

1 5.72 5.60 0.12 353 0.935 0.931 0.0038

2 11.70 11.56 0.14 353 1.111 1.107 0.0038

3 23.85 23.69 0.16 353 1.419 1.415 0.0038

4 11.70 11.16 0.54 353 1.111 1.096 0.0151

5 23.85 23.21 0.64 353 1.419 1.404 0.0151

6 23.85 23.72 0.135 353 1.419 1.416 0.0031

4.4 Reservoir Condition

To investigate the fluid flow in the organic nanopore of shales,we apply the proposedmodel on
octane molecules transport under reservoir pressures and temperature. According to previous
work (Riewchotisakul and Akkutlu 2016) on fluid flow in nanopores of shales, the selected
initial pressure and temperature of the shale reservoir are listed in Table 5. The organic
nanopore is firstly filled with octane molecules when the pressure of fluid reservoir (Fig. 3)
is the initial reservoir pressure. Then, the filled nanopore is placed in the fluid reservoir of
current pressure. This process is to mimic the reservoir pressure decrease. Based on analysis
above, the density differences are set 0.038 and 0.152 g/cm3. To compare with previous work
(Riewchotisakul and Akkutlu 2016), density difference is set as 0.003 g/cm3 (Case 6).

Figure 11 shows calculated velocity profiles of Case 1–5. As the pressure of the system
increases, the fluid velocity at the center region decreases and the velocity profile becomes
more smooth and steady. Velocities of fluidmolecules at high-pressure are steady. In addition,
the fluid velocity increases by increasing the pressure difference. Calculated velocities of
Case 6 by the proposed model are similar with previous works on methane flow in organic
nanopores (Riewchotisakul and Akkutlu 2016) using MD simulations. Based on analysis
above, octane molecules in 2 nm organic nanopore of shales will not transport when the
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Fig. 11 Velocity profiles of Case 1–5 obtained from Eqs. 13–14

Fig. 12 Imbibed fluid densities at imbibition time of 2 ps (a) and 150 ps (b) versus distance along j-axis. Blue
circle-dot lines and red solid lines represent simulation data points and fitting lines, respectively

density difference is less than 0.0038 g/(cm3 3 nm). When the density difference is above
0.0038 g/(cm3 3 nm), octane molecules in 2 nm organic nanopores can flow out into the fluid
reservoir immediately. These results indicate there is a threshold of driving pressure, fluid
can flow only when the driving pressure is above the threshold. Based on our results, such
threshold of octane molecules in 2 nm organic nanopore theoretically is 0.12 MPa when the
initial reservoir pressure is 5.72 MPa

5 Discussion

It is significant to select the accurate dl to show the fluid phase behavior and transport in
the nanopore. Figure 12a, b shows imbibed fluid densities are a function of distance along
j-axis. Simulation result of 2 ps shows fluid density distribution is inhomogeneous where the
distance along j-axis is greater than 5 nm. According to fluid molecule size and assumptions,
dl is 3 nm and the selected size of fluid cell to calculate the density and velocity in the
proposed model is 1–10 nm (w)×5 nm (h)×3 nm (dl).
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Table 6 Calculated mean
velocities at equilibrium state
with different α

Pore size (nm) Average velocities (m/s)

α � 0.002 α � 0.01 α � 0.1 α � 0.5

1 212.9 212.3 208.6 182.8

2 183.1 182.5 179.4 157.2

5 78.8 78.6 77.2 67.6

10 41.2 41.1 30.4 35.4

Fig. 13 a Driving pressure and b mean velocities predicted by proposed model versus pore sizes

Since it is a challenge to get accurate α, we compare mean velocities at equilibrium state
with different α, listed in Table 6. Calculated mean velocities of 2 nmmodels with α � 0.002
and α � 0.5 are 183 m/s and 157 m/s, respectively. This shows that the impact of α on the
mean velocity is not significant.

Figure 13a, b compares driving pressures and mean velocities predicted by the proposed
model and classical models. We apply the proposed model on 1–100 nm to investigate the
clearly range of the proposed model. Driving pressure of the proposed model is greater
than that calculated by YL equation when 1≤w ≤2 nm. The difference of driving pressure
between proposed model and YL equation decreases as the pore size increases. When w is
around 40 nm, two model’s driving pressure results are the same. The difference of mean
velocity between the proposed model and HP model decreases as the pore size increases.
Whenw is around 70 nm, mean velocities of two models are the same. According to previous
work (Barrow 1973; Riewchotisakul and Akkutlu 2016) and our results, the pore size for the
proposed model for liquid state fluid at room temperature and pressure is less than 50 nm.

6 Conclusions

Wedeveloped an analyticalmodel for imbibition of LJ fluidmolecules into organic nanopores
under the standard and reservoir condition. We applied the proposed model on the imbibition
of octane into 1–10 nm graphite slits. In addition, we simulated octane molecules imbibition
into 1–10 nm graphite slits to compare with the proposed model. The key results are as
follows:
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Result 1: Firstly, octane molecules imbibe into the 2 nm graphite nanopore as vapor phase
at around 300 m/s and form the first adsorbed layer. Then, octane molecules imbibe as vapor
phase at around 200 m/s and form the second adsorbed layer. This process is also called fast
wetting (Supple and Quirke 2005). After the fast wetting, octane molecules of the center
region imbibe at around 190 m/s and those of the first adsorbed layer imbibe at around
160–200 m/s, respectively.

Result 2: In 2 nm analytical model of octane molecules imbibition, mean velocities of
vapor phase are around 180–200m/s and of liquid phase are around 50–120m/s, respectively.
Velocities decrease significantly as densities of imbibed fluid molecules increase.

Result 3: The threshold of driving pressure for octane in 2 nm organic nanopore is around
0.12 MPa when the initial reservoir pressure is 5.72 MPa. As the reservoir pressure decline
increases and initial reservoir pressure decreases, the velocity increases.

Results 1–2 indicate that fluid imbibes fast in 1–10 nm organic nanopores due to the
strong fluid/wall intermolecular interactions and the phase transition. Previous experiment
(Whitby andQuirke 2007) on decane pressure-driven flow in 7 nm carbon nanotube presented
that flow rates are four to five orders of magnitude faster than those predicted by classical
models. Previous results (Whitby andQuirke 2007) verify our velocity results predicted by the
proposed model andMD simulations. Results 3 suggest a theoretic estimation of recoverable
hydrocarbon in organic nanopores of shale reservoir.

In this work, the implication of the proposed model in nanopore network of real shale or
coal rocks has not been investigated due to limitations in the acquisition of high-resolution
3D rock images, the lack of compositional analysis of organic nanopores and the absence of
the fluid imbibition analytical model in 10–100 nm pores. In the future, we plan to investigate
fluid imbibition flow in nanopores of real rock samples.

Acknowledgements The authors thank National Natural Science Foundation of China and National Major
Scientific and Technological Special Project (2016ZX05048-003) for funding this study.

Appendix A: Classical DFT

DFT (Tarazona 1985) has been widely employed in describing the capillary adsorption
isotherms and predicting density profiles in nanopores, such as slit-shape nanopores (Li
et al. 2014). We model the density profiles of a LJ fluid flow in slit-shape nanopore at con-
stant temperature, T . The grand canonical potential, �(ρ(x)), of the fluid molecules at x can
be described as (Tarazona 1985)

�(ρ(x)) � Fint[ρ(x)] −
∫

V

ρ(x)[μ − Vext(x)]dx (A1)

where F int[ρ(x)] is the intrinsic Helmholtz free energy function. V ext(x) and ρ(x) are the full
external potential and the density at x, respectively. μ is the chemical potential of the bulk
fluid.

For the excess Helmholtz free energy calculation, we use the hard-spheremodel (Tarazona
1985) to calculate the repulsive interactions,Fh[ρ(x); d] and themean field theory to calculate
attractive interactions, Fatt[ρ(x)] as:

Fint[ρ(x)] � Fh[ρ(x); d] + Fatt[ρ(x)] (A2)
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Fh[ρ(x)] � kT
∫

V

ρ
[
ln

(
Λ3ρ

) − 1
]
dx +

∫

V

ρ(x) fex[ρ̄(x); d]dx (A3)

Fatt[ρ(x)] � 1

2

¨

V

ρ(x)ρ(x ′)�att
(∣∣x − x ′∣∣)dxdx ′ (A4)

where �att and ρ̄(x) are the fluid/fluid van der Waals attraction potential and smoothed
density of an implicit equation, respectively. f ex[ρ(x); d] and k are the excess hard-sphere
Helmholtz free energy at x and the Boltzmann constant, respectively. 
 is the thermal de
Broglie wavelength. ρσ 3 is the reduced density. x

′
is the distance of fluid molecules to the

slit center.
We use the Lennard-Jones 12-6 equation to calculate the fluid/fluid van der Waals inter-

action potential, �ff and the fluid/solid van der Waals interaction potential, �sf, as follows
(Tarazona 1985)

Vext(x) � φsf

(
x +

w

2

)
+ φsf

(w

2
− x

)
(A5)

�att
(∣∣x − x ′∣∣) �

{
�ff

(∣∣x − x ′∣∣),
∣
∣x − x ′∣∣ > rm

−εff,
∣
∣x − x ′∣∣ < rm

(A6)

rm � 21/6σff (A7)

�ff(x) � 4εff

[(
σff

x − x ′

)12

−
(

σff

x − x ′

)6
]

(A8)

�sf

(
x +

w

2

)
� 4εsf

[(
σsf

x + w
2

)12

−
(

σsf

x + w
2

)6
]

(A9)

where σ ff and σ sf are the minimum of the Lennard-Jones potential (well depth), respectively.
εff and εsf are the equilibrium distance, respectively. rm is the distance of the minimum
Lennard-Jones potential.

We use weight functions w(x; ρ) (Tarazona 1985) to calculate density profiles, which has
a power series expansion, as

ρ̄(x) �
∫

V

ρ̄(x)w
[∣∣x − x ′∣∣; ρ̄(x)

]
dx (A10)

w
(∣∣x − x ′∣∣; ρ̄(x)

) � w0
(
x − x ′) + w1

(
x − x ′)ρ̄(x) + w2

(
x − x ′)ρ̄(x)2 (A11)

where wi is the weighting function factor (Tarazona 1985) (i � 0, 1, 2).
Due to the grand canonical potential is minimized,

[
∂�(ρ)

∂ρ

]

ρ(r )
� 0 (A12)

The indeterminate Lagrange multiplier, λ(x) (Lastoskie et al. 1993), is introduced to avoid
the functional derivative under the integral sign in the Euler equation. The density can be
calculated as follows:

ln ρ(x) � 1

kT

⎛

⎝−μ + Vext(x) + fex(ρ̄(x)) +
∫

V

ρ(x ′)�att
(∣∣x − x ′∣∣)dx ′

−kT
∫

V

λ(x ′)w
[∣∣x − x ′∣∣; ρ̄(x ′)

]
dx ′

⎞

⎠ − lnΛ3 (A13)
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λ(x) � −ρ(x) f ′
ex(ρ̄(x))/kT[

1 − ∫

V

∂w[|x−x ′|;ρ̄(x)]
∂ρ̄(x) ρ(x ′)dx ′

] (A14)

where f ex[ρ(x);d] and
 are the excess hard-sphere Helmholtz free energy and the thermal de
Broglie wavelength, respectively. k andwi are the Boltzmann constant and normalizedweight
function (Tarazona 1985), respectively. λ and μ are the Lagrange multiplier and chemical
potential of the bulk fluid, respectively.
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