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A B S T R A C T   

The heterogeneous pore structure and the confinement effect of the narrow pore space lead to the differential 
release/retention phenomenon of hydrocarbons in unconventional reservoirs. So far, the mechanism of this 
phenomenon, in particular the dynamic process, requires further investigation since it affects the design of gas- 
based enhanced oil recovery (EOR) operations. In this work, we aim to numerically study the capillary 
condensate trapping mechanism that causes the differential release phenomenon by conducting molecular dy
namics (MD) simulations. 

In our work, a two-bath MD model is set up, in which two baths are used to mimic the bulk pores and a nano- 
channel connecting the two baths is used to model the pore throat. Methane (C1) and decane (C10) molecules are 
used to represent the light and heavy component of the in-situ oil. The MD results show that at the early stage of 
the primary depletion, the light components release faster than the heavier components, leading to increasing gas 
oil ratio (GOR) above the system’s bubble point. As depletion continues, heavier hydrocarbons accumulate in the 
nano-channel due to the confinement effect, while light hydrocarbons tend to remain in the dead-end pores. 
During the gas EOR process, the injected gas ‘dissolves’ the liquid in the nano-channel and thus enhances the 
recovery of the ‘trapped’ hydrocarbons. 

This work systematically investigates the impact of pore throat on the differential release and trapping effect. 
We demonstrate that a significant amount of light hydrocarbons may be ‘trapped’ during the primary depletion 
of unconventional reservoirs, due to the capillary condensate trapping effect. The trapped hydrocarbons can be 
partly recovered through gas injection. Our study has implications for practical EOR operations.   

1. Introduction 

Unconventional shale reservoirs are rich resources of hydrocarbons. 
In general, shale rocks contain organic matters and inorganic matters. 
The organic matters, also known as ‘kerogen’, are believed to be the 
birthplace of hydrocarbons. The permeability of shale reservoirs is 
significantly lower than that of the conventional reservoirs [1]. Due to 
the low permeability, the production rate of shale reservoirs declines 
rapidly during the primary depletion stage. It has been reported in the 
literature [2,3] that the recovery efficiency of unconventional reservoirs 
could be below 5 %, resulting in huge amount of hydrocarbons trapped 
in the reservoirs. Therefore, it is of critical importance for the petroleum 
community to understand the trapping mechanism as well as to enhance 
the production of shale reservoirs. The diameter of a fraction of pores in 
the shale rocks is in the nano-meter level, causing the transport of 

hydrocarbon molecules within them to be impacted by the nano- 
confinement. The transport dynamics is further complicated by the se
lective adsorption [4] and retention effect [5] for different hydrocarbon 
components. In our previous works, we have investigated the transport 
dynamics of gas phase mixtures [6] and liquid phase mixtures [7] in the 
shale and tight reservoirs, respectively. In [8], the mechanism of carbon 
dioxide enhanced recovery of shale gas reservoirs is studied at the mo
lecular level and it was found that carbon dioxide particularly enhances 
the recovery of heavier components in a hydrocarbon mixture. In [9], 
the flow behavior of hydrocarbon mixtures through a single kerogen slit 
was studied using MD simulation, and it was found that asphaltene 
molecules demonstrates strong adsorption capability in the nano chan
nel, causing the flow/velocity distribution to be inhomogeneous. In 
Zheng et al. [10], the primary depletion and gas huff-n-puff of (light) 
hydrocarbon mixtures in organic and inorganic slits were studied 
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numerically. They further confirmed the differential release effect of 
hydrocarbons with different weights and found that the wall materials 
significantly affect the transport behavior. Zhao et al. [11] used mo
lecular simulations to study the behavior of water displacing an oil-filled 
pore throat, and compared it with the traditional Young-Laplace equa
tion. Luo et al. [12] developed a pore-size-dependent equation of state 
and used it to study the lean gas injection in shale gas-condensate res
ervoirs. They found that due to the selectively release of lighter hydro
carbons from the nano pores, heavier components with reduced critical 
points tend to accumulate in the nano pores. Although significant 
progress has been made, the transport behavior of hydrocarbon mixtures 
through a pore throat is still not well understood. Particularly, the 
compositional effects need to be further addressed. Fundamental 
research is thus needed to improve the quantification of the differential 
release/retention phenomenon, in order to more accurately estimate the 
recoverable amount of in situ hydrocarbons. 

The structure of kerogen is widely believed to have significant 
impact on the differential release effect of shale reservoirs [12,13]. 
Modified from [14], Fig. 1A shows the morphological characterization 
of a reconstructed kerogen material. Fig. 1B is a scanning electron 

microscope (TEM) photo of a Barnett shale example containing both 
organic matters and inorganic matters. According to these two sub-plots, 
kerogen has a hierarchical pore structure. The radius of aperture ranges 
from about 1 nm to a few dozens of nanometers. Moreover, certain 
larger (bulk) pores are isolated. This maybe because the hydrocarbon 
molecules in shale reservoirs haven’t gone through the ‘primary 
migration’ process [2,15]. As such, during the primary depletion pro
cess, the hydrocarbon molecules within the isolated (dead-end) larger 
pores need to flow through narrower pores (pore throat), resulting in the 
retention of the hydrocarbons. Hence, a conceptual model of this process 
can be formulated as follows: during the hydraulic fracturing process, 
the shale rock is cracked and the micro-cracks within the rock are 
enhanced. The micro-fractures, the inorganic pores and connected bulk 
pores serve as the main flow path during the depletion [16]. The rest of 
the kerogen, including the dead-end pores, serves as a hydrocarbon 
‘source’. In this work, we are particularly interested in the transport 
dynamics of the hydrocarbon molecules between the dead-end pores 
and the bulk pores, as shown in Fig. 1C. Previously, Zhu et al. [5] studied 
the selective release of hydrocarbon mixtures in Niobrara shale rocks 
and concluded that the nano pore system has considerable hindering 

Fig. 1. A: Morphological characterization of the pore system in kerogen [14]. The color indicates the pore aperture (opening). B: SEM photo of the pore structure of 
shale [18]. C: Conceptual model of a bulk pore and a dead-end pore connected by a pore throat win the kerogen. 
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impact on the heavy components of in situ hydrocarbon. Moreover, the 
hindering effect can be partially mitigated by the injection of CO2. A 
limitation of Zhu et al. [5]’s work is that the structure of the nano pore is 
not explicitly modeled, leading to the lack of quantitative analysis. Hong 
et al. [17] investigated the migration of hydrocarbon mixtures through a 
kerogen pore throat and found out that the heavier components may 
block the throat causing differential retention of different components. 

To increase the cumulative production, the enhanced oil recovery 
(EOR) techniques, which have achieved great success in conventional 
reservoirs [19,20], have been extended to unconventional reservoirs. 
According to field scale observations, gas huff-n-puff is among the few 
EOR techniques that are proved to be profitable in unconventional 
reservoirs. In a gas huff-n-puff operation, working gas, such as light- 
weighted hydrocarbon, CO2 and flue gas, is cyclically injected (huff) 
into and produced (puff) from the reservoir. In between the huff and the 
puff operation, the well is shut down for a period of time, in order to 
allow the injected gas to further infiltrates the reservoir, known as the 
‘soaking’ operation. During the huff-n-puff process, the in situ reservoir 
oil is mobilized and the production rate is enhanced. Fig. 2 presents a 
conceptual example of the variation of production rate and the bottom 
hole pressure (BHP) of a huff-n-puff cycle following a primary depletion 
stage. It has been observed [17] that the rock properties and the type of 
injected gases have substantial impacts on the EOR performance in the 
shale and tight reservoirs. In this work, we aim to investigate the gas 
EOR process at the pore scale by considering the rock-fluid interaction as 
well as the rock heterogeneity. We have conducted molecular dynamics 
(MD) studies to enhance the understandings of the condensate trapping 
mechanism within the kerogen. Moreover, we have investigated the 
performance of different injection gases on the improvement of trapped 
hydrocarbons. Our study differs from previous ones in that we aim to 
study the transport dynamics of hydrocarbon mixtures through a pore 
throat. The novelty of our work is that we have further illustrated the 
importance of the compositional change on the differential release ef
fect. We are arguably the first to study the condensate trapping induced 

by differential retention of the pore throat. Through the numerical 
analysis, we have obtained a clearer view of the trapping mechanism 
induced by different portions of the inhomogeneous porosity system. In 
particular, we find that significant amounts of lighter components are 
trapped in dead-end pores and can be potentially recovered by gas huff- 
n-puff. We highlight that the compositional path plays an important role 
in the capillary condensate trapping process. We have also compared the 
performance of different working gases for huff-n-puff, and found that 
heavier injecting gases are more likely to remove the residual hydro
carbons. We believe such findings will improve the estimation of 
recoverable in situ oil as well as the selection of working gases of gas 
EOR. In shale oil reservoirs. 

This paper is organized as follows. In Section 2, we describe the MD 
model setup as well as the procedures of the simulation of the primary 
depletion and gas huff-n-puff. In Section 3, we present the results and 
analysis of the MD simulation. This paper is concluded by Section 4. 

2. Methodology 

In this section, we describe the methodology used in this work, 
including the setup of the MD system and the steps of the simulation of 
the primary depletion as well as the gas huff-n-puff process. 

2.1. Molecular dynamic system setup 

To mimic the pore structure described in Section 1, we set up a dual- 
bath MD system as shown in Fig. 3A. The left and right bath represents 
the bulk pore and the dead-end pore, respectively. The length of the MD 
system is 17.4 nm and 11.6 nm along the y and z direction, respectively. 
The length of the right bath is set to be 12 nm along the x direction. As 
reported by [21,22], when the pore aperture is above 10 nm, the nano 
confinement effect is no longer significant. 

We set the boundaries along y and z direction of the two baths to be 
periodic, and set two constraining atom walls at the two-ends of the 

Fig. 2. A conceptual example of the variation of injection/production rate and the bottom hole pressure of a gas huff-n-puff operation following the primary 
depletion operation. Solid blue line: curve injection and production rate. Positive value corresponds to production. Red dash line: bottom hole pressure. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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system along the x direction. The constraining wall for the left bath is a 
moving piston, to control the pressure in the system, while the con
straining wall for the right bath is fixed. The volume of the left bath can 
thus change during simulation. We assume that the left bath (bulk pore) 
is connected with either hydraulic fractures or micro-cracks, so that its 
pressure changes quickly to the bottom hole pressure. 

The two baths are connected by a nano channel to mimic the pore 
throat in the kerogen. We adopt a slit-shaped nano channel made of two 
parallel slabs because slit pores are pervasively found in shale reservoirs 
(see [23,24]). The width of the nano channel is either 2 nm or 4 nm, 
which allows us to investigate the impact of the channel width on the 
transport mechanism. The length of the nano channel is set to 10 nm. 
While this length is much shorter than those in real reservoirs and thus 
leads to fast gas release kinetics, it does not affect many essential fea
tures of gas release, e.g., differential release of different hydrocarbons 
during primary depletion, heterogeneous distribution of different 

components in pores, and the evolution of gas-oil ratio and its modu
lation by gas injection. This is because, as we shall see below, these 
features are governed by the thermodynamics of gas behavior in nano
pores, which depends strongly on gas-wall interactions in direction 
normal to pore walls (and thus the pore width) only. Once the pore 
length becomes considerably longer than the range of fluid molecule- 
pore wall interactions (typically a few nanometers), the thermody
namic aspect of gas behavior in nanopores becomes insensitive to the 
pore length. 

The nano-channel is modeled as two parallel walls. There exist many 
different approaches for modeling the pore walls, e.g., they can be 
modeled using kerogens with full molecular details [8,9,11], using 
graphene/graphite sheets [23,24], using slab of atoms cut from crystal 
lattices [25], or using implicit walls that model the fluid-wall in
teractions only in directions normal to the pore walls [10]. Using real
istic kerogen is desirable but will incur substantial computation costs, 

Fig. 3. A: configuration of the MD system. The green arrows indicate the pressure applied on the piston wall. B: status of the MD system at the end of the pre- 
equilibrium step. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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particularly because our pore is long (10 nm). We therefore choose pore 
walls built from crystal lattices because such as coarse-grained 
description of pore walls still allows the adsorption of gas molecules 
on the pore wall, which governs the phenomena studied in our work, to 
be simulated faithfully with modest cost [25]. Each slab consists of two 
layers of atoms that are packed as a Face-Centered Cubic (FCC-111) 
lattice. The lattice constant is set to be 0.54 nm [25]. The relatively low 
density of wall atoms compared to other common choices of model 
kerogen pore wall (e.g., those made of graphite/graphene) helps further 
reduce the computational cost. As shown previously, by judiciously 
selecting the Lennard-Jones parameters for fluid-wall interactions, still 
allow the molecular adsorption on pore walls to be modeled well 
[25–27]. 

Except the walls in the nano channel, all other walls in the MD sys
tem are used as boundaries without adsorption or confinement effect. 
We call these walls as ‘LJ walls’ and use atoms with the Lennard-Jones 
(LJ) 12-6 potential to model them, as shown in Eq. (1). 

ϕij = 4εij

[(σij

r

)12
−

(σij

r

)6
]

(1) 

In the above equation, ϕij is the LJ potential between molecule i and j. 
r is the distance between the two molecules. εij and σij are calculated by 
the Lorentz-Berthelot rule, as below 

εij =
̅̅̅̅̅̅̅εiεj

√ (2)  

σij =
σi + σj

2
(3) 

In the above equations, ε and σ is the potential well depth and the 
distance at which the energy is zero, respectively. 

As pointed out by Hong et al. [17], the release of hydrocarbon from 
kerogens to the inorganic pores also has differential retention effect. As 
such, the conclusion drawn from the present work can be extended to 
the kerogen case, for the investigation of the release behavior of hy
drocarbon molecules from the organic matter (OM) to the inorganic 
matter (IM). 

In order to investigate the compositional effect on the transport 
mechanism, we use a light component (methane) and a heavy compo
nent (decane) to represent the in situ oil. The reason we choose these 
two components is that we know beforehand that most methane mole
cules exists in the gas phase while most decane molecules exist in the 
liquid phase in the nano pore system, which makes our analysis on the 
phase behavior of the binary mixture more convenient. The hydrocar
bon are modeled by the TraPPE force field [28]. In the TraPPE force 
field, each carbon atom, along with its bonded hydrogen atoms, in a n- 
alkane molecule is modeled as a coarse spherical pseudo-atom. It has 
been shown by numerous works in the literature that TraPPE force field 
is of reasonable accuracy and sound flexibility in modeling hydrocarbon 
flows [25,29,30]. TraPPE force field is also based on LJ 12–6 potential, 
as shown in Eq. (1). The parameters of the LJ potential for all atoms used 
in this work are listed in Table 1, where kB refers to the Boltzmann 
constant. Note that the σ parameter of nano channel wall atoms was 
selected so that fluid molecules do not leak through the pore walls. The ε 
parameter, i.e., the depth of the Lennard-Jones potential well, was 
essentially taken as those in Ref. [25]. As pointed out in that paper, the 
parameters (and consequently, the fluid-wall interactions) leads to 

hydrocarbon adsorption on pore walls similar to those observed in 
organic nanopores. 

Because of the surface preference of hydrocarbon molecules [6] as 
well as the confinement effect induced by the nano channel walls [31], 
the distribution of hydrocarbon components within the MD system is not 
uniform. The fraction of lighter components tends to be higher in the 
bath chambers, while heavier components tend to cumulate inside the 
nano channel. The split of hydrocarbon components inside a system with 
both bath pores and nano channel can be calculated by the confined 
equation of state. We use a confined equation of state [32] that is based 
on global minimization of free energies to estimate the initial distribu
tion of components in the system. Such a calculation reduces the time for 
the system to get equilibrium, as will be discussed in the next section. 

The MD simulation is conducted by the LAMMPS software [33], 
which is a widely-adopted MD simulation platform. During the MD 
simulation, the system temperature is maintained to be 353.15 K (80 ◦C) 
using the Nose-Hoover thermostat [34]. The cut-off radius is set to be 10 
nm, and the time step of the simulation is 1 fs per step. We use NVT 
ensemble in the simulation, and the pressure of the system is controlled 
by the moving piston wall. Before the dynamic simulation of the atoms, 
we first minimize the energy of the system using the ‘minimize’ com
mand in LAMMPS. The energy minimization is run for a maximum of 
1000 steps with a tolerance 1e-4. Each set of simulation is conducted by 
three times with different initial configurations to reduce the random 
effect. 

2.2. Simulation of primary depletion 

The MD simulation of the primary depletion process consists of two 
steps. In the first step, we randomly place hydrocarbon molecules using 
the Packmol program [35] in the system and apply a constant force on 
the moving piston, to build up the system pressure to P1 (35 MPa in this 
case). In this work we use 8000 methane molecules and 4000 decane 
molecules, so that the overall C1-C10 ratio is 2:1. The initial number of 
hydrocarbon molecules in each part of the system is estimated by a 
confined equation of state, as described in the previous section. We run 
the simulation by 10 ns for the system to self-equilibrate. We monitor the 
position of the moving piston and the density distribution of the hy
drocarbons. After about 2 ns, the fluctuation of the above status in
dicators is below 5 %, indicating that the system is in thermodynamical 
equilibrium. A snapshot of the MD system at the end of the pre- 
equilibrium step is shown in Fig. 1B. Then as the second step, we 
reduce the pressure on the moving piston to P2 (6 MPa in this case) and 
let the molecules inside the nano-channel as well as the right bath to 
release. We monitor the number and composition of the released hy
drocarbon molecules at the channel opening, to study the differential 
release effect. Moreover, we track the change of the composition in the 
nano channel and the right bath, to investigate the trapping mechanism 
induced by the nano channel. A conceptual flowchart of this procedure 
is shown in Fig. 4. 

2.3. Simulation of gas huff-n-puff 

The MD simulation of the gas huff-n-puff operation consists of three 
steps. The configuration of the walls used in the gas huff-n-puff simu
lation is the same as that used in the primary depletion simulation. In the 
first step of the gas huff-n-puff simulation, shown in Fig. 5A, we fill the 
nano channel and the right bath based on the hydrocarbon densities in 
them at the end of the primary depletion step, as a mimic of the reservoir 
condition at the start of the huff-n-puff. We fill the left bath with 
methane (C1) or propane (C3) molecules as the injection gas. We use a 
‘ghost wall’ to separate the left bath with the rest of the system and apply 
pressure P3 on the left piston to equilibrate the system. In this work, P3 
is set to be 40 MPa as the bottom hole pressure at the huff step. This step 
is run for 10 ns. In the second step (huff), shown in Fig. 5B, the ghost 
wall atoms are removed using the ‘delete’ command in LAMMPS and the 

Table 1 
The parameters used for TraPPE force field for atom–atom interactions.  

Atom group σ(nm) ε/kB(K) 

CH4  0.3730  148.0 
CH3  0.3750  98.0 
CH2  0.3950  46.7 
Atoms of nano walls  0.5763  297.0 
Atoms of LJ walls  0.0050  297.0  
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Fig. 4. Conceptual model of the workflow of the primary depletion simulation. upper: pressure build-up and pre-equilibrium; lower: depletion. The red arrows 
indicate the direction of piston movement. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Conceptual model of the workflow of the C1 huff-n-puff simulation. A: pre-equilibrium step; B: injection (huff) step; C: production (puff) step. The legends in 
this figure are the same as those in Fig. 4. 
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gas hydrocarbon molecules flow into the nano channel. This step is run 
for 2 ns. In the third step (puff), shown in Fig. 5C, the pressure on the left 
piston is reduced to P2 again to deplete the system. 

3. Results 

3.1. MD results of primary depletion 

As the results, Fig. 6A shows the variation of methane (C1) to decane 
(C10) ratio within the right bath. According to the figure, the percentage 
of the lighter component in the right bath significantly increases as the 
pressure decreases. Fig. 6A compares the ratio of C1 to C10 molecules 
that are released from the channel opening. The releasing ratio is 
analogous to the gas-oil ratio (GOR) in reservoir production. According 
to the results, the releasing ratio at the beginning of the depletion is 
higher than 2, which is the in situ C1-C10 ratio, indicating the occur
rence of the differential release effect. The differential release effect is 
because the lighter components have relatively less adherence to the 
rock surface. Hence, C1 has less retention in the nano channel and re
leases faster compared to C10. The releasing ratio declines over time, as 
the amount of C1 decreases in the nano channel. The differential release 
effect is more obvious in the 2 nm channel case, because narrower 
channels have stronger molecule-wall interactions. Fig. 6B and C shows 

the C1-C10 ratio in the nano channel and in the right bath, respectively. 
The ratio decreases in the nano channel while increases in the right bath. 
For the right bath, C10 enters the nano channel faster than C1, because 
of the preferential adsorption effect in the channel, causing the hydro
carbon mixture in the bath to be lighter. Since the nano channel has 
faster methane releasing rate at the left opening and higher decane 
entering rate (from the right bath), the methane to decane ratio in its 
nano channel rapidly decreases, causing the fluid inside the channel to 
be significantly denser. In Fig. 6D we plot out the pressure variation in 
the right bath. Particularly, we compare the outlet pressure in the right 
bath with that in the left bath, which is analogous to the bottom hole 
pressure (BHP) during reservoir recovery. It can be seen from Fig. 6D 
that the right bath pressure declines over time. The eventual value of the 
pressure is however higher that the outlet pressure. The 2 nm case has 
relatively higher eventual pressure than the 4 nm case. This phenome
non indicates that the hydrocarbon mixture in the right bath changes to 
a gas-like phase as it becomes lighter. The phase change leads to the 
occurrence of capillary pressure. As such the pressure in the right bath is 
above the outlet pressure. In the bulk pores, the capillary pressure is 
inversely proportional to the pore diameter, according to the Young- 
Laplace equation. In our case, the eventual pressure in the dead-end 
pore of the 2 nm system is also significantly higher than the outlet 
pressure. These results indicate that considerable quantities of lighter 

Fig. 6. A: variation of methane-decane releasing ratio released from the pore opening. B: variation of methane-decane ratio within the nano channel. C: variation of 
methane-decane ratio in the right bath. D: variation of pressure within the right bath. 
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components and heavier components are trapped in the right bath and in 
the nano channel, respectively. 

The differential release is further visualized in Fig. 7. In Fig. 7a and b, 
we compare the mole density profile of C1 and C10 in the 2 nm case 
before and after the primary depletion. From the figures, it can be seen 
that both hydrocarbons form two adsorption layers, which is consistent 
with the observations in [21]. After the depletion, the relative fraction of 
C1 in the channel decreases, particularly in the region in the middle of 
the nano channel. We calculate the mole flux ratio between C1 and C10, 
following the approach described in [6], as shown in Fig. 7c. The result 
implies that C1 molecules flow much faster than C10 in the middle of 
nano channel. The mole flux ratio is higher than the in situ mole fraction 
ratio, resulting in the differential release phenomenon shown in Fig. 6. 

To further illustrate the trapping process, we plot the 3D snapshots of 
the MD system in Fig. 8. The distribution profiles of hydrocarbons in the 
MD system before and after the primary depletion are shown in the left 
and right of Fig. 8, respectively. According to the 3D plots, the decane 
molecules (represented by purple chains) accumulate in the nano 
channel after the primary depletion. Meanwhile the fraction of methane 
molecules (represented by brown dots) significantly increases and the 
hydrocarbon mixture in the right bath becomes sparser as the system 
pressure drops. The accumulated heavier components in the nano 
channel then form a liquid-like phase, which reduces the further release 
of hydrocarbons from the gas-like phase in the right bath. Such visual
ization is clear evidence of the existence of the capillary condensate 
trapping mechanism. Fig. 9 is a phase diagram of C1-C10 mixtures. The 
x axis and y axis of the figure is the system pressure and the C1 mole 
fraction, respectively. The color indicates the fraction of gas phase in the 
system. The diagram is calculated using an in-house flash calculator 
based on the Peng-Robinson equation of state (PR-EOS) [36]. We plot 
out the phase condition of the right bath and the nano channel in the 
phase diagram, as shown by the stars and the crosses, respectively. Since 
there is no reliable approach to directly calculate the pressure inside the 
nano channel due to the wall impacts, we use the average pressure 

between the left and right bath to represent the pressure inside the 
channel. As can be seen from the figure, the hydrocarbons in the two 
regions of the system follow different compositional paths during the 
primary depletion process. The hydrocarbons in the right bath change 
from the liquid-like phase to the gas-like phase, while the hydrocarbons 
in the nano channel remain to be the liquid-like phase. Since heavier 
components tend to accumulate within the nano channel, their viscosity 
increases, which prevents further release of lighter components in the 
right bath. This result is our main finding for the explanation of the 
capillary trapping mechanism. Based on the above results and analysis, 
we have developed a systematic model of capillary condensation trap
ping in the nano channel that includes competitive adsorption and dif
ferential retention effects, as shown in Fig. 10. 

In the previous works, the trapping mechanism is mainly attributed 
to the capillary pressure induced by the heterogeneity of the rock. In this 
work, we have shown that the trapping mechanism also includes the 
condensation of heavier components, which is a ‘compositional effect’. 
As such, the above-mentioned mechanism can be named as ‘capillary 
condensation trapping’. We, arguably for the first time, quantitatively 
investigate it while highlighting the importance of the compositional 
path. 

Moreover, the results of the 2 nm case has relative larger fluctuations 
compared to the 4 nm case, which is consistent with our observations in 
gas flow cases [6]. This phenomenon is potentially due to the diffusion 
effect [39]. As the channel becomes narrower, there are more molecular- 
wall interactions and the diffusion, including bulk and surface diffusion, 
becomes more dominant, resulting in more fluctuations in the releasing 
ratio. 

3.2. Results of huff-n-puff simulation 

In this sub-section, we report our MD results and analysis of the gas 
huff-n-puff in the depleted system resulted from section 3.2. Fig. 11 
compares the snapshots of methane and propane injection at the 0.7 ns 

Fig. 7. A C1 adsorption profile of the 2 nm case before and after the primary depletion; B C10 adsorption profile of the 2 nm case before and after the primary 
depletion; c mole flux ratio between C1 and C10 at the beginning of the depletion. There is a 0.1 nm wide no-molecule zone in the vicinity of the channel walls. The 
mole flux is set to be zero in this region. 
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of the simulation. From the figure, two phenomena can be observed. On 
one hand, methane molecules mainly flow through the nano channel in 
the middle, leaving a considerable number of decane molecules adsor
bed on the pore wall. Propane molecules, however, demonstrate stron
ger competitive adsorption capability and sweep the nano channel more 
thoroughly than methane. This can be clearly seen at the opening be
tween the nano channel and the right bath (denoted by black arrows in 
Fig. 11). In the propane injection case, decane molecules are continu
ously displaced out of the nano channel into the right bath. The root 
cause of the difference in the displacement behavior between the two 
types of molecules mainly lies in their competitive adsorption capability. 
Methane molecules have much lower adsorption capability and lower 
surface diffusion capability, compared to the in situ decane-rich hy
drocarbons, resulting in their ‘channeling’ displacement behavior. A 
similar phenomenon has been observed when methane was injected into 
a slit-shaped calcite nanopore to recover the decane in it [40]. On the 
other hand, methane flows faster than propane into the nano channel. As 

methane molecules break through into the right bath, the front of pro
pane molecules is still within the channel. This is mainly due to the 
relative lower viscosity and higher bulk diffusivity of the methane- 
decane mixture. Such a phenomenon implies that propane injection 
requires a relative longer soaking time for the working fluids to fully 
infiltrate the hydrocarbon-saturated pore. 

Fig. 12 shows the variation of C10 recovery ratio during the primary 
depletion and after the gas injection. We measure the number of C10 
molecules in the nano channel and the right bath and divide the value by 
the initial number of C10 molecules in the system. The left sub-plot in 
Fig. 12 compares the C10 recovery ratio during the primary depletion 
stage. As can be seen from the figure, the 4 nm case has higher recovery 
ratio than the 2 nm case, because of the difference in the capillary 
trapping capability that is discussed in the previous section. The even
tual recovery ratio of C10 in the 2 nm case is about 55 %. The remaining 
C10 molecules mainly exist in the nano channel. We then use the 2 nm 
case to investigate the recovery capability of C1 and C3 gas, as shown in 
the right of Fig. 12. According to the figure, the recovery ratio of the C1 
case increases quickly at the beginning but then becomes flat, compared 
to the C3 case. The additional C10 recovery owing to C1 and C3 is about 
4 % and 9 %, respectively. This is because of the following reasons. Once 
the in situ oil is mixed with the injected C1 gas, its viscosity is lower than 
that of the C3 case. As such, the hydrocarbon molecules in the C1 case 
flow relative faster. Moreover, as shown in Fig. 11, during the huff stage 
C1 breaks through the hydrocarbons in the nano channel in a channeling 
manner, leaving a relatively larger amount of C10 molecules in the 
channel. Hence, during the puff stage, the remaining C10 in the nano 
channel will flow out of the opening relatively faster. C3 molecules, on 
the other hand, sweep the C10 molecules more thoroughly in the huff 
stage. It then takes longer for the C10 molecules to flow back to the pore 
opening during the puff stage. However, since C1 has weaker competi
tive adsorption capability compared to C3, its eventual recovery ratio is 
lower. Such findings are consistent with field observations that heavier 
injected gases in general have better recovery capabilities. The C10 mole 
density profile in the nano channel before and after the gas injection is 
shown in Fig. 13, which further shows that C3 has superior competitive 
adsorption capabilities to remove C10 compared to C1. From the 
economical perspective, C3 is more expensive than C1 as working gases. 
As such, an optimization strategy that integrates technical and economic 
considerations needs to be developed in order to screen the optimal 
working gases, which is our ongoing work. It should be pointed out that, 
in this work the overall recovery efficiency of shale and tight reservoirs 

Fig. 8. Left: initial condition of the 2 nm nano channel and the right bath with C1-C10 ratio being 2:1 in the system. Right: the distribution of C1 and C10 in the 
system after the primary depletion. The brown dots denote C1 molecules, while the purple chains with blue ends denote the C10 molecules. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Compositional path of hydrocarbon mixtures in the nano channel and in 
the right bath. The four-pointed star refers to the nano channel, while the 
pentagram refers to the right bath. 
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is up to about 70 %, according to the MD results, which are distinct with 
the field observations (<5% ~ 10 %). This is because in this work only 
one single nano pore is taken into consideration. In practice, the pres
sure drawdown only propagates a few meters away from the hydraulic 
fracture, due to the low permeability of the unstimulated rocks. The 
limited pressure-swept volume leads to the low recovery efficiency in 
reality. In this way, our work does not contradict field observations. 
Indeed it provides insights to the EOR operations in practice. 

4. Conclusion and summary 

In this work, we have comprehensively investigated the primary 
depletion and the gas huff-n-puff process in shale reservoirs using a 
novel MD system. We have particularly analyzed the trapping mecha
nism induced by compositional condensation. 

The findings of this work are as below: 

Fig. 10. Conceptual model of the capillary condensate mechanism.  

Fig. 11. Upper: snapshot of the methane (C1) injection (huff) simulation at 0.7 ns. Lower: snapshot of the propane (C3) injection (huff) simulation at 0.7 ns. The 
black arrows point to where decane molecules are pushed back to the right bath. 
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• Significant amounts of heavier and lighter components are trapped 
in the narrow channel and the dead-end pores in the kerogen due to 
the capillary condensation trapping mechanism after the primary 
depletion.  

• The capillary condensation trapping mechanism is resulted from the 
accumulation of liquid-forming heavier components, which implies 
that compositional effects as well as nano confinement effects are 
important in the development of shale and tight reservoirs.  

• Gas huff-n-puff effectively improves the recovery of the trapped 
hydrocarbon molecules. Heavier injected hydrocarbon gases in 
general tend to have better recovery efficiency, due to their superior 
competitive adsorption capability. 

The conclusion drawn from this work can be applied to the field 
development optimization of shale and tight reservoirs, and can be 
extended to the assessment of carbon storage in depleted unconven
tional reservoirs. 

Admittedly, this work has several limitations. Firstly, we didn’t 
simulate hydrocarbon components that are heavier than decane. As 
such, the ‘sieving’ effect [5] induced by the long-chain hydrocarbon 
structure is not obvious. Secondly, our analysis of the phase behavior is 
still based on conventional equation of state. Thirdly, we restrict our 

analysis to slit-like nano channels. Spherical shape nano channel should 
have higher impacts on the differential release/retention of hydrocar
bons. Fourthly, limited by the computational capability, our MD simu
lation is based on a single nano pore. Looking forward, we propose to 
further probe the transport of heavier components, such as asphaltene, 
using the nano scale phase equilibrium calculation [18] approach in a 
more complex porous system. 
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Fig. 12. Left: the variation of recovery ratio of C10 during the primary depletion. Right: comparison of the recovery ratio variation with C1 and C3 injection for the 2 
nm case. 

Fig. 13. The C10 mole density profile in the nano channel after the gas huff-n-puff simulation. Left: C1 huff-n-puff. Right: C3 huff-n-puff.  
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Appendix A. Equation of state 

In this appendix, we present the formulations of the PR-EOS we used for the calculation of the compositional profile shown in Fig. 9. In our work, 
we also adopt a confined equation of state [32]. 

In PR-EOS, the pressure P of the phase is calculated as below 

P =
RT

Vm − b
−

αa
V2

m + 2bVm − b2 (A1) 

In the above equation, R and T is the gas constant and temperature, respectively. Vm is the molar volume. The parameter a and b are calculated by 
the following mixing rules. 

a =
∑ ∑

xixjaij (A2)  

b =
∑

xibi (A3)  

Where xi and xj is the mole fraction of the ith and jth hydrocarbon component, respectively. 
aij is defined as 

aij =
(
1 − kij

) ̅̅̅̅̅̅̅̅aiaj
√ (A4)  

where 

ai = 0.45724
(
RTC,i

)2
/Pc,i⋅

(

1 + κi

(

1 −

̅̅̅̅̅̅̅̅̅̅̅̅

T/Tc,i

√ ) )2

(A5)  

κi = − 0.26992w2
i + 1.54226wi + 0.37464 (A6)  

Meanwhile, bi is defined as 

bi = 0.0778RTC,i/Pc,i (A7)  

In the above equations, TC,i, Pc,i and wi is the critical temperature, critical pressure and acentric factor of component i, respectively. 
kij in Eq. (A4) is the binary interaction factor between component i and component j. We have the relationship kij = kji. 
In this work, the critical temperature, critical pressure and acentric factor for methane are set to be 190.56 K, 4599 kPa, and 0.0115 respectively, 

while the same properties for decane are set as 617.7 K, 2110 kPa, and 0.4923 respectively. The binary interaction coefficient between the two 
components is 0.05. The above parameters are from [41]. We use Rachford-Rice equation approach [42] with Gibbs energy-based stability tests [43] 
to obtain the phase envelop in Fig. 9. 

It should be noted that in our work we also use an equation of state which considers the confinement effect to estimate the initial status of the MD 
system. This confinement equation of state is developed by Luo et al. [32] by augmenting the PR-EOS with a pore-size dependent term to represent the 
wall impact. The confinement EOS requires a global energy minimization approach in the phase equilibrium calculation. Due to the complexity of the 
formulations, we omit the descriptions of the equations in this paper. Interested readers can refer to [32]. Since the confinement EOS assumes the nano 
pore is in instant equilibrium with the bath pore, it cannot be used to calculate the phase behavior during the recovery (with flow dynamic) process, 
but can only be used when the system is in equilibrium. This is why we use it for the estimation of the initial status of the MD system. 
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