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ABSTRACT

In the last decades, shale oil, mainly distributed in the nanopores of shale, has been 

considered as the representative of unconventional energy to alleviate the energy crisis. But the 

ideal pore models greatly overestimate the flowing capability of shale oil. To get more accurate 

and reasonable flow behavior, the multicomponent shale oil in the realistic kerogen channel is 

studied by using molecular dynamic simulation. Both density and velocity distributions that 

along and perpendicular to the flow direction are studied in kerogen channel, where the 

influence of branch chain of kerogen is also took into consideration. The heavy component 

tends to form the adsorbed layers on the kerogen wall, as a result of the extremely strong affinity 
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between kerogen and hydrocarbons, and some asphaltene molecules in bulk phase form the 

cluster in middle of slit. On the flow direction, the velocity profile preforms the peristaltic 

behavior due to the effect of branch chain of kerogen, and the toluene and asphaltene 

components contribute it mostly. According to the heterogeneous characteristics of shale oil 

flow, we define the fictitious slip boundary, which corresponds to the boundary between bulk 

phase and adsorbed phase, to describe shale oil flow precisely. We also examine the effects of 

driving pressure gradient, temperature and pore size on the flow behaviors. The enhancements 

of driving force and temperature both facilitate shale oil flow, and the maximum velocity 

reaches the stable value within larger kerogen pores. The potential energy distribution and the 

interaction force contour verified the peristaltic flow behavior and the validity of fictitious slip 

boundary.

Keywords: 

Shale oil, Kerogen, Flow behavior, Molecular simulation

1 Introduction

In the past decades, shale oil has been recognized as the alternative for the declining 

conventional oil [1], stimulating the exploiting of shale oil in many countries [2-4]. However, 

the understanding of shale oil flow behavior is still insufficient due to extremely low 

permeability and abundant nanopores in shale [5-8].

The shale formation has the abundant nanopores smaller than 10 nm [9, 10]. The extremely 

small pores ranging from 2 nm to 200 nm have been confirmed via atomic force microscopy 

(AFM) experiments [11, 12], and pores smaller than 2 nm also exist in organic matter of shale 

[13-15]. Although there are some experimental methods that can describe the pore size 
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distribution in nanoscale, it is still hard to characterize more details of shale oil in nanopores, 

such as adsorption and flow behaviors [16-19]. Thus, molecular dynamic (MD) simulation 

based on Newtonian mechanics is a better way to study shale oil behavior in nanopores [20-

23]. The skeleton of shale matrix is composed of inorganic (quartz and clay minerals) and 

organic matters, of which the organic matter is mainly kerogen [24]. As the main source of 

shale oil, kerogen at certain geological environment decomposes to different hydrocarbons 

according to the maturity, and then these hydrocarbons will store in the kerogen matrixes and 

organic nanopores [25, 26]. Therefore, building the appropriate nanopore model is critical to 

the investigation of shale oil flow within it, and the hydrocarbons flow in nanopores is also 

common in drug delivery [27] and effluent treatment [28, 29].

The thermal maturation and organic types of kerogen have been studied via the 

combination of solid-state X-ray and nuclear magnetic resonance (NMR) methods, and the 

types II kerogen is closely related to shale [30]. The kerogen molecules exhibit extremely 

complex topological structures, built by methods of diffraction measurements and the 

generalized phonon densities of states [31]. Obliger et al. [32] studied the hydrocarbons mixture 

transport in kerogen matrix that performed as the nanoporous media, and they found that the 

permeability of hydrocarbons was inversely proportional to their length. Due to the complex 

pores structure and the strong adsorption effects of kerogen, the studies of shale oil flow in 

kerogen pores were limited. Thus, many previous studies focused on the hydrocarbons flow in 

idealized model, such as graphene channels and carbon nanotubes (CNTs), which benefited the 

quantitative analysis of adsorption and flow behavior [12, 21, 33], but these smooth models 

ignored the real topological structures and properties of organic nanopores. Hereto, the organic 

channel constructed by realistic kerogen molecules is urgent for the study of shale oil flow 

within it.

In the shale nanopores, previous efforts had been made to study the transport behaviors of 
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hydrocarbons. Wang et al. [12, 34, 35] studied the single component hydrocarbon (n-octane) 

flow in the shale nanopores (montmorillonite, quartz and graphene), indicating that 

hydrocarbons tended to adsorb on organic surface, compared with inorganic wall. Thus, the 

hydrocarbons have greater affinity for organic carbonaceous material, suggesting the velocity 

of fluid will be reduced on the organic surface. But according the results of molecular dynamics, 

the velocity profile of hydrocarbons present a plug flow in graphene slit, which is contrary to 

the conventional hydrodynamic parabolic profile. The plug-like velocity profile means the high 

velocity of fluid on the surface, because of the extremely smooth graphene wall [34], causing 

the strong slip effect that has a significant effect on the flow rate [36, 37]. The slip length is 

defined as the distance between slip boundary and the location where linearly extrapolated 

velocity reach zero [38, 39]. Compared with smooth surface, the rough wall does reduce the 

velocity of hydrocarbons [40], which is more reasonable in the development of shale oil, but it 

also induces the problem of judging the slip boundary. Therefore, it is necessary to define the 

new slip boundary in realistic kerogen wall. What is more, the nonlinear hydrocarbon 

components also present in shale nanopores, in which there are more aromatic hydrocarbons in 

shale oil than conventional oil [41-43], suggesting that the multi-component hydrocarbons 

should be took into account in the study of shale oil flow.

In this work, we constructed the organic nanoslit by using realistic kerogen molecules, and 

the flow behaviors of multi-component shale oil were studied by using three-stage driven non-

equilibrium molecular dynamic (TSD-NEMD) method. The new slip boundary of shale oil in 

kerogen slit was defined according to the heterogeneity of velocity profile. The effects of 

driving pressure gradient, temperature and pore size on the velocity distribution of shale oil 

were also examined. Not only did we study the flow behavior of shale oil that on the channel 

section, but the effect of kerogen wall along the flow direction was also studied. 
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2 Methodology

2.1 Molecular models

In this work, the type Ⅱ-C kerogen monomers (C242H219O13N5S2), which is oil-prone and 

it is enriched in organic shale [44], and hydrocarbon mixtures are used to construct a rough 

kerogen slit and shale oil system, as can be seen in Fig. 1. The kerogen matrix is constructed 

by follow the procedures in Table 1 [45]. Shale oil is a mixture that includes many different 

alkanes and aromatic hydrocarbons, which hinders its accuracy description for the molecular 

dynamic simulation. Thus, some trivial components are ignored to avoid the elaborate fluid 

model, and the composition of the shale oil is simplified and given in Table 2 [13, 46]. The 

molecular structures of kerogen and hydrocarbons are same with that in our previous work [16]. 

We use 84 kerogen monomers to construct the organic wall, inducing an average density of 

1.15 ± 0.1 g·cm-3 [47], and the dimensions of simulation box are 25.14 × 8.63 × 6.28 nm3. The 

visualization is performed by visual molecular dynamics (VMD) package [48]. 

The polymer consistent force field plus (PCFF+), which is widely applied for the studies 

of shale oil, is used for the kerogen and hydrocarbon molecules [34, 44, 49, 50]. Periodic 

boundary conditions are applied in all directions, and the cutoff distance is 1.2 nm. The 

electrostatic potential is computed by Ewald method [51]. The Van der Waals interactions are 

described by using Lennard-Jones (LJ) potentials, and the parameters between different 

molecules are calculated by Waldman-Hagler combining rules [52].

Table 1 Procedures to construct kerogen matrix

Ensemble Temperature [K] Pressure [MPa] Time step [fs] Time [ps]
NVT 273 - 0.5 50
NPT 273-1000 27.5 0.1 200
NPT 1000-300 27.5 0.1 200
NVT 300 - 1.0 100
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Fig. 1. Molecular models of kerogen slit (black) and shale oil (cyan). (The blue arrows represent the 

driving force) 

Table 2 Molecular fraction of shale oil components (Aperture = 3.0 nm)

Species Mole fraction [%] Number of molecules Molar mass
 [g·mol-1]

methane 63.5 3368 16.535
ethane 7.8 414 30.433

propane 4.8 255 44.097
n-butane 3.2 170 58.124
n-octane 6.3 334 144.230

n-dodecane 4.8 255 170.335
toluene 4.8 255 92.140

asphaltene 4.8 255 360.538

2.2 Simulation methods

By using the large-scale atomic/molecular massively parallel simulator (LAMMPS) 

package, we presented the molecular dynamic simulations [53]. Firstly, the MD simulation was 

carried out in the NVT ensemble for 10.0 ps, during which the timestep was 0.1 fs, reducing 

the energy state of simulation system. After that, we enlarged the timestep to 1.0 fs for an NVT 

ensemble simulation that lasted for 1.0 ns, getting the relaxed configuration. Then, we 

consumed 1.0 ns doing an NPT ensemble simulation with a timestep of 1.0 fs, stabilizing the 
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pressure at 27.5 MPa [50]. In order to collect the trajectories of molecules, we performed the 

TSD-NEMD simulation for 25.0 ns by using NVT to control temperature, in which the data 

were collected every 5.0 ns. For the sake of stability of kerogen wall, the part of kerogen matrix 

(3 nm) was frozen during simulation, which was accomplished by controlling the temperature 

to 0 K and without velocity update. But the surface of kerogen matrix (1 nm) was temperature-

controlled to maintain flexible, which was more realistic. The temperature of hydrocarbon 

mixtures was calculated by the method of Nosé-Hoover thermostat, and the thermal shake was 

controlled perpendicular to the flow direction [34, 54, 55].

In order to get an initial flow velocity of shale oil, on the initial part of the system, we set 

a driving region (x: 0-8 nm) where the single-direction force was applied on the hydrocarbons. 

After that, the hydrocarbons transport into the buffer region (x: 8-17 nm) where they can form 

the optimal spatial distribution without external driving force gradually. Next, each atom’s 

location and velocity were recorded in the collecting region (x: 17-25 nm). Finally, due to the 

effect of periodic boundary condition, the shale oil molecules flow out of the collecting region 

and come into the driving region, where the fluid can always be accelerated, forming the 

continuous flow in nanoslit.

3 Results and discussions

3.1 Inhomogeneous distribution of shale oil in kerogen slit

By using the TSD-NEMD simulations, the flow characteristics of multi-component shale 

oil are calculated in the kerogen nanochannel. The density distributions of whole shale oil and 

kerogen matrixes are performed in Fig. 2. To keep the components’ profiles clearly, the 

asphaltene and methane are used to represent the heaviest and lightest components respectively 

[16]. The density distributions are obtained according to the atom numbers in the bins that 

parallel to the kerogen wall [56]. 
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Fig. 2. Number density profiles of kerogen and shale oil mixtures in slit region, and the red dash lines 

represent the boundaries of bulk phase region. (Pressure gradient = 14.2674 MPa·nm-1, T = 300 K)

As shown in Fig. 2, the average mass density of kerogen matrix keeps steady at 1.10-1.25 

g·cm-3, which corresponds to previous studies [31, 57]. Due to the complex molecular structure 

of kerogen, the kerogen matrixes form the porous media, leading to the shake of density profiles. 

The density of shale oil keeps almost constant in the middle of slit, as depicted in Fig. 2 within 

red dash line, where is called bulk phase region. On account of the rough surface of kerogen 

matrix, it is hard to determine a slit boundary distinctly [58, 59], and we utilize the bulk phase 

region to represent the aperture of slit. Different from the extremely high density peaks of shale 

oil on the surface of graphene and CNTs [21, 34], in our work, the density profile displays 

slightly adsorbed peaks between the boundary of slit and bulk phase. Another different point is 

the invasion of light hydrocarbons in kerogen matrix, which is relevant to the storage and 

diffusion of shale gas [40].

Shale oil is a complex mixture that includes many different components, and it induces the 

difficulties on the data analysis. As can be seen in Fig. 2, on the surface of kerogen matrix, the 

density peaks of asphaltene account for more than half of density peaks of shale oil, suggesting 
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that the adsorbed layer of shale oil is mainly contributed by asphaltene. According to our 

previous study of adsorption behavior of shale oil, the heavy component represented by 

asphaltene tend to adsorb on the surface of kerogen wall, forming only one density peak on 

each side of slit [16]. But for the shale oil flow, one more density peak occurs in the middle of 

the kerogen slit. Although asphaltene molecules tend to adsorb on the kerogen wall, some of 

them still flow in bulk phase region with the effect of driving force. Because of the complex 

molecular structure and strong cohesion, with the effect of flow shear [60], asphaltene 

molecules in bulk phase tend to form the dense clusters. As the lightest component, methane 

keeps a plateau density distribution in the bulk phase region. Due to the small size and simple 

topo structure, methane has less diffusional resistance in the organic nanoporous media, and it 

can diffuse into kerogen matrix easily.

3.2 A new definition of slip boundary

As shown in Fig. 3, for the shale oil flow in kerogen slit, the velocity distribution in bulk 

phase performs as parabola, which is different from the plug flow in ideal channel model [34]. 

The velocity profile, which at the boundary of the kerogen matrix, shows the opposite normal 

vector of that in bulk phase. Consequently, the shale oil flow in kerogen slit shows a hybrid 

heterogeneous velocity distribution, which cannot be described by using conventional 

Poiseuille equation. The momentum exchange of molecules in neighboring bins causes the 

difference of velocity, therefore, we utilize the turning points of shear rate to distinguish the 

bulk phase region and boundary region. Fig. 3 shows the clearly segmented characteristics of 

the shear rate profile, which provides a way to describe the heterogeneous velocity behavior of 

shale oil in kerogen channel. Interestingly, the locations of turning points always correspond to 

the regions of kerogen matrixes’ boundary, suggesting that the molecular structure of kerogen 

at the boundary causes the different flow behavior of shale oil, which is discussed in the Part 

3.5.
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Fig. 3. Velocity profile and shear rate distribution of shale oil flow in kerogen slit. The red dash line 

represents the location of turning points of shear rate, and the red arrows represent the normal vectors of 

velocity profile. (Pressure gradient = 14.2674 MPa·nm-1, T = 300 K)

Our previous studies had proved that hydrocarbons could form the adsorbed layer on the 

surface of kerogen wall, and the adsorbed layer exhibited higher density than that in bulk phase, 

because of the strong affinity between hydrocarbons and kerogen [16]. The adsorbed layer is 

considered as a barrier between kerogen wall and fluid, affecting the flow behavior of fluid, 

and this phenomenon is common in oil field development, such as the change of wettability in 

reservoir. Because the thickness of adsorbed layer is nearly the distance of van der Waals 

interaction, the fluid in bulk phase is less affected by the wall and more affected by adsorbed 

layer. In this case, the adsorbed layer can be considered as a new wall for the fluid in bulk 

phase. 

As can be seen in Fig. 3, there is no obvious slip phenomenon for shale oil flow in organic 

shale channel from the aspect of whole profile. However, it will induce large error if the velocity 

is described by using conventional Poiseuille equation. Therefore, to describe the 

heterogeneous velocity behavior more clearly, based on the heterogeneous velocity profile and 

the adsorbed layer, we define the fictitious slip boundary on the extreme points of shear rate 
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distribution. The fictitious slip boundary is also the boundary of bulk phase and adsorbed phase.

3.3 Piecewise fitting based on flow characterization

The regions of bulk phase and boundary layer were discussed in the Part 3.2, and the 

fictitious slip boundary was also defined. Accordingly, the flow behavior of multi-component 

shale oil can be described based on these preconditions. Due to the parabolic velocity profile in 

bulk phase region, we use the Poiseuille equation that considers the slip effect to calculate the 

flow velocity. In our work, the viscosity of shale oil in bulk phase is 1.521 mPa·s, which in the 

range of some alkanes’ viscosity (0.656-1.805 mPa·s) [61] that are the main components of 

shale oil, and it is determined via the second derivative of the Navier-Stokes (NS) equation 

[62]. The slip length is calculated on the base of the fictitious slip boundary. The equations of 

velocity in bulk phase are as follows,

bulk 2 2

d / d d / d
d / d 2

P z P z
v z a

     (1)

surf
s d / d

vL
v r

  (2)

2
2

s
bulk

d / d( ) ( )
2 4
P z wv z z wL


    (3)

where ηbulk denotes the viscosity of fluid in bulk phase region, mPa·s; dP/dz denotes the driving 

pressure gradient, MPa·nm-1; Ls denotes the slip distance on the fictitious slip boundary, nm; 

vsurf denotes the slip velocity on the fictitious slip boundary, m·s-1; dv/dr denotes the velocity 

gradient on the fictitious slip boundary, m·s-1·nm-1. 

As can be seen in Fig. 4, the velocity in bulk region matches the MD results well, which 

verifies the validation of Poiseuille equation in bulk phase, but it does not work in the boundary 

layer region obviously. As mentioned in the previous discussion, the boundary region is mainly 

composed by the adsorbed hydrocarbons, and the kerogen branch chains affect the fluid flow 

in a complex way. These factors make it difficult to describe the velocity distribution in 
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boundary layer by using the conventional flow equation. In this work, we used the thickness of 

boundary layer and slip velocity to calculate the velocity numerically in boundary region, and 

Fig. 4 shows a good match. By combining these two fitting methods, the whole velocity 

distribution of shale oil flow can be described. The equations to calculate the velocity and flow 

rate in boundary phase are as follows,

slip 2
boundary2

boundary

( ) ( )
2

v wv z z w
w

    (4)

boundary slip boundary2
boundary

2

( )d
3

w w

w

v w
Q v z z


  (5)

where the wbounary denotes the thickness of boundary phase, nm; w is the width of the bulk phase 

region, nm; Qboundary denotes the flow rate of fluid in boundary phase, nm3·fs-1.

Fig. 4 The piecewise fitting velocity in bulk and boundary regions.

(Pressure gradient = 14.2674 MPa·nm-1, T = 300 K)
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Fig. 5 The piecewise fitting velocity in bulk and boundary regions with larger driving force. 

(Pressure gradient = 23.779 MPa·nm-1, T = 300 K)

As shown in Fig. 5, when the driving pressure gradient increases to 23.779 MPa·nm-1, the 

shear rate profile in bulk phase region shows the three-stage characteristic. In the discussion of 

heterogeneous density distribution of shale oil, as a result of the cohesive interaction [16], the 

heavy component represented by asphaltene form the cluster in the middle space of slit. On the 

one side, the asphaltene cluster is hard to be sheared, which results in the smaller slope of shear 

rate profile in middle of bulk region. On the other side, the cluster can get higher velocity in the 

middle of bulk phase, because of the less effect of kerogen matrix. Thus, its shear rate is 

different from that in the rest of bulk phase. And the region between boundary layer and central 

bulk phase plays a role of lubrication, reducing the friction between adsorbed layer and the 

asphaltene cluster that in the middle of slit. In this case, the quadratic fitting in bulk phase region 

cannot describe the velocity profile accurately. Therefore, one more type of flow region is 

considered to compute the velocity, and the fitting data match the MD results well. 
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3.4 The effects of pressure gradient, temperature and pore size 

For the multi-component shale oil flow in kerogen nanochannel, the velocity 

characteristics are quite different from that in ideal organic model. To investigate the effect of 

the driving pressure gradient, we calculated the velocity profile under different conditions that 

range from 4.7558 to 23.7791 MPa·nm-1, which correspond to previous studies [17, 62-64]. 

According to Fig. 6(a), the velocity of shale oil increase with larger driving force, suggesting 

that the driving force plays a positive effect on the shale oil flow. Due to the effect of the branch 

chain and the rough structure of the kerogen matrix, as well as the strong interaction between 

kerogen and shale oil, a part of shale oil molecules is trapped in the surface of wall. According 

to our previous study, some asphaltene molecules always exist in the bulk phase region [16]. 

And asphaltene molecules in bulk region tend to form the clusters, maintaining the relative 

same velocity by weakening the shear effect [17]. Therefore, the velocity profile performs as a 

high platform in bulk phase at the larger driving pressure gradient. As shown in Fig. 6 (b), the 

thickness of boundary layer decrease at the larger driving force, which suggests that the 

enhancement of pressure gradient facilitates the desorption of shale oil. The numerical fitting 

equation is as follows:

0.1045571.73565 0.660989e xy   (6)

(a) (b)
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Fig. 6 (a) The velocity profiles with different driving pressure gradients; (b) The thickness of 

boundary layer with different driving pressure gradients. (T = 300 K, slit aperture = 3.0 nm)

To understand the effect of temperature on the shale oil flow behavior, the system was 

simulated in different temperatures which range from 300K to 420K [17]. Fig. 7(a) shows an 

increase of shale oil velocity with the rise of temperature, indicating that higher temperature is 

conductive to the shale oil flow in organic pores, because the intense thermal motion makes it 

more easily to shear between molecules. What is more, the increasing trend of velocity slows 

down at high temperature, as shown in Fig. 7(c). There are two opposite factors that lead to this 

phenomenon. The positive factor is the more intensive thermal motion, which reduces the 

viscosity of fluid in bulk phase, promoting the increase of velocity. And the negative factor is 

that the adsorbed layer is still trapped on the kerogen wall, as a result, the more frequent 

exchange of momentum between adsorbed layer and fluid causes more kinetic energy loss of 

shale oil flow in bulk region. The stubborn adsorbed layer leads the stable thickness of boundary 

layer that keeps between 0.9 nm and 1.0 nm at various temperatures, as shown in Fig. 7 (b).

(a)
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(b) (c)

Fig. 7 (a) The velocity profiles of shale oil at different temperatures; (b) The thickness of boundary 

layer at different temperatures; (c) The increase of velocity with different temperatures. (Pressure gradient 

= 23.779 MPa·nm-1, slit aperture = 3.0 nm)

The effect of pore size was also been examined in the range of 1 nm to 5 nm (the width of 

bulk region). The slit aperture is quantified via the fictitious slip boundary, as can be seen in 

Fig. 2. Because the shale oil fluid is affected by both side of kerogen wall, and the smaller pore 

space can induce the stronger friction force interaction, Fig. 8(a) shows that the velocity of 

shale oil increases within larger slit until the aperture of 3.0 nm. Under the conditions of same 

driving force and same kerogen wall, the maximum of velocity profile keeps nearly stable when 

the aperture is larger than 3.0 nm, which is different from the continuous increase of velocity 

in ideal nanochannel. The larger slit space means more hydrocarbons in bulk phase, and 

asphaltenes form more and bigger clusters, which causes the velocity platform in bulk phase. 

Fig. 8 (b) shows the variation of boundary thickness in pores of different size, and the thickness 

tends to be smaller and stable in wider slit, as result of the less effect of kerogen wall in larger 

pores. The numerical fitting equation is as follows:

0.6461260.519225 0.93357e xy   (7)
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(a)                                       (b)

Fig. 8 (a) The velocity profiles of shale oil in different slit apertures, and the aperture represents the 

width of bulk phase region; (b) The thickness of boundary layer in different slit apertures. 

(Pressure gradient = 23.779 MPa·nm-1, T = 300 K)

3.5 Analysis of shale oil distribution in direction of flow

According to our previous discussion, the shale oil exhibits heterogeneous properties in 

the cross profile that perpendicular to the flow direction. And the flow behavior in adsorbed 

phase is affected by the branch chain, which cannot be found in ideal smooth wall. Therefore, 

in order to study the effect of branch chain of kerogen matrix, we also simulated the flow 

behavior of shale oil along the flow direction. As shown in Fig. 9, the velocity and density 

profiles perform with the characteristics of peristaltic, and the fluctuation of velocity profile is 

opposite to that of density. Besides, the fluctuations of velocity and density always correspond 

to the locations of branch chains on the kerogen matrix. Due to the affinity of the branch chain 

to hydrocarbon, the branch chain plays a role of resistance for the shale oil flow along the stream 

direction. Consequently, the fluid is decelerated at each branch, leading to subsequent fluid 

accumulation, thereby generating an increase in density, until the inertial force of the 

subsequent fluid is sufficient to overcome the resistance caused by the branch chain. After that, 

due to the distribution of branch chain, the velocity and density profiles show the peristaltic 
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characteristic. 

 

Fig. 9 The velocity and density distributions along the flow direction.

To investigate the effect of components on the peristaltic flow behavior, we counted the 

velocity distributions of each components by setting two-dimensional bins on the flow direction. 

We averaged four groups of results for each component to keep accuracy of data. The 

components of shale oil had been classed into three groups (light: C1-C4; medium: C8, C12, 

toluene; heavy: asphaltene) to show the results more clearly [16]. As shown in Fig. 10, the 

medium and heavy components perform more dramatic fluctuations of velocity distribution 

than light components, especially for the asphaltene and toluene, as a result of their aromatic 

rings, suggesting that branch chains have the stronger affinity to aromatic hydrocarbons. What 

is more, the velocity distribution of light components shows a slightly increase in the collection 

region, while the heavy component presents a very slight decline. The reason of velocity 

differentiation is the heterogeneous adsorption behavior of shale oil in kerogen slit [16], where 

the asphaltene molecules tend to adsorb on the surface of kerogen slit and leave more space for 

light molecules in bulk phase region. In this case, there is less friction force for light molecules 

in bulk region. And it also responses a phenomenon that the shale oil produced in oil field is 
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mainly light oil [16].

Fig. 10 The velocity distributions of different components along the flow direction, and the blue arrow 

means the flow direction of shale oil.

In order to explain and verify the effect of branch chain on the shale oil, we calculated the 

potential energy distribution that covers the surface of kerogen wall, as shown in Fig. 11. 

Because the hydrocarbons are mainly composed by carbon element, we make one carbon atom 

to move on the kerogen wall, where the potential energy on each point is calculated accordingly 

[40]. Due to the rough surface of kerogen wall, the potential energy distribution performs with 

some potential wells, and the branch chains induce the deepest potential energy valleys, 

suggesting that the fluid is affected by the branch chain mostly.
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 (a)                                         (b)

Fig. 11 (a) The schematic diagram of the potential energy distribution, the black ball represents the 

detecting atom, the brown cuboids represent the kerogen matrixes, the blue surface represents the track of 

detecting atom; (b) The potential energy distribution on the surface of kerogen wall.

 

(a)                                         (b)

Fig. 12 (a) The contour of interaction force for shale oil fluid in kerogen slit; (b) The interaction force 

of fluid on the cross profile of kerogen slit.

To quantify the relation between the interaction force and flow condition, we examined 

the hydrocarbons interaction in the slit. Fig. 12(a) shows the interaction force contour of entire 

hydrocarbons, and the black parts means areas that the hydrocarbons cannot reach. The 

interaction force on boundary layer is dramatically, suggesting the strong adsorbed effect. As 

shown in this Fig. 12(b), the hydrocarbons that diffuse into kerogen matrixes are affected with 

tremendous interaction force, because of the strong affinity of kerogen for hydrocarbons. What 
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is more, the molecules in boundary layer transport in complex ways, which presents as diffusion 

and collision. Accordingly, it is pretty hard to describe the flow behavior by using the 

conventional flow equation. The force distribution is homogeneous in bulk phase region, which 

verifies the linear shear rate of velocity and the definition of the new slip boundary that has 

been discussed in Part 3.2.

4 Conclusions

In this work, by using molecular dynamics simulation, we studied the multi-component 

shale oil flow in realistic kerogen slit. The heavy component represented by asphaltene tends 

to adsorb on the surface of kerogen matrix, and the asphaltene molecules in bulk phase form 

the cluster in the middle of slit. For the inhomogeneous characteristics of shale oil flow, we 

define the fictitious slip boundary according to the shear rate of velocity, and it also corresponds 

to the boundary between bulk phase and adsorbed phase. Based on the fictitious boundary, the 

flow velocity is described accurately by using the piecewise fitting method. 

Stronger driving force facilitates the increase of the shale oil velocity. But due to the effect 

of the asphaltene cluster, the velocity distribution tends to perform a platform in the bulk phase 

region. Higher temperature promotes the velocity of shale oil, but meanwhile, the kinetic energy 

loss of shale oil in bulk phase also increased because of the more intense collision of 

hydrocarbons and kerogen branches, impeding the increase of velocity. The wider slit aperture 

means more free space in the slit, and the interaction forced by kerogen for shale oil is weaker. 

Thus, the shale oil velocity increases in larger pores until reaching its max value, which also 

verifies the validity of driving model that keeps the velocity in a reasonable range. 

Along the flow direction of shale oil, the velocity distribution shows the peristaltic 

behavior, caused by the branch chain of kerogen molecules on the slit surface, and the toluene 

and asphaltene that have the structure of aromatic rings contribute the peristaltic behavior 
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mostly. Furthermore, the potential energy contour of kerogen wall reveals the energy trap 

produced by branch chain, and the interaction force of shale oil fluid is homogeneous in bulk 

phase, which also explains the validity of the new definition of the slip boundary. 
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Highlights:

1. The flow behavior of multicomponent shale oil is studied in the realistic kerogen 

nanochannel.

2. The fictitious slip boundary of shale oil flow is defined and verified.

3. The effects of pressure gradient, temperature and pore size are analyzed.

4. The velocity of shale oil tends to be stable within larger pore.

5. The branch chain of kerogen on the wall cause the peristaltic flow behavior.
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