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Abstract
Tight oil and shale gas reservoirs have a significant part of their pore volume occupied by micro (below
2nm) and mesopores (between 2 and 50nm). This kind of environment creates strong interactions forces
in the confined fluid with pore walls as well as between its own molecules and then changes dramatically
the fluid phase behavior and its thermodynamic properties. Pressure-Vapor-Temperature (PVT) modeling of
such fluids becomes therefore a challenge in order to get accurate production forecast reservoir simulations.
Furthermore along the flow from the matrix to the well through the fractures, the fluid will pass through
a very heterogeneous pore size distribution which will alter it differently according to the pore size and
the spatial distribution. An important work has therefore to be done on developing upscaling methodology
of the pore size distribution for large scale reservoir simulations. Firstly molecular simulations will be
performed on pure components and mixtures in order to get reference thermodynamic properties at liquid/
vapor equilibrium for different pore sizes. The comparison with commonly used modified equation of state
(EOS) in the literature highlighted the model of flash with capillary pressure and critical temperature and
pressure shift as the best one to match reference molecular simulation results. Secondly fine grid matrix/
fracture simulations have been built and performed for different pore size distributions. The study has shown
that the pore size distribution has an important impact on reservoir production and that this impact is highly
dependent of the volume fraction of nanopores inside the matrix. Capillary pressure heterogeneity and pore
radius dependent EOS cause gas flow slowdown or gas trapping inside the matrix and postponed gas flow
apparition in the fractures during depletion which reduce the GOR (Gas-Oil Ratio) at the well. Coarse grid
upscaling models have then been performed on the same synthetic case and compared to the reference
fine grid results. The commonly used upscaling methodology of dual porosity model with average pore
radius for the pore size distribution is unable to match the fine grid results. A new triple porosity model
considering fracture, small pores and large pores with their own capillary pressure and EOS, together with
MINC (Multiple Interacting Continua) approach, has shown very good match with the reference fine grid
results. Finally a large scale stimulated reservoir volume with different pore size distribution inside the
matrix has been built using the upscaling method developed here. The proposed triple porosity methodology
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is able to model the PVT of the confined fluid and its flow across a very heterogeneous pore size distribution
up to the well through fractures in a large scale reservoir simulation.

Introduction
World energy demand is projected to increase by 30% in 2035 (BP 2017). According to predictions, Fossil
fuel will still represent more than three-quarters of world energy consumption through 2040 (U.S. Energy
Information Administration 2017). Among oil and gas production, unconventional resources such as shale
gas and tight oil have emerged in the past decade as a significant solution for the petroleum industry to
meet future world energy demand. Indeed they will reach together nearly thirty percent of global liquids
supply by 2040 (ExxonMobil 2018). Tight oil production will more than double from 2015 to 2040 (U.S.
Energy Information Administration 2016) and shale production will account for around sixty percent of the
increase in gas supplies to 2035 according to (BP 2017).

The flow dynamics and the fluid behavior in shale gas and tight oil reservoirs are much more complex than
those in conventional reservoirs. The stimulation of the matrix by multi stage hydraulic fracturing generates
a highly heterogeneous porous/fractured rock where flow occurs between an extremely low permeability
matrix with nanopores and the fracture up to the well. The modeling of the matrix/fracture exchange in
such reservoirs becomes therefore a challenge in terms of flow and phase behavior. An accurate modeling
is therefore crucial for optimal production forecasts, which are currently very challenging especially for the
Gas-Oil-Ratio (GOR) prediction (Kumar et al. 2013; Nojabaei et al. 2013; Tian et al. 2013). Thus this work
is aimed to model thermodynamic behavior of a confined fluid inside nanometric pores using molecular
simulation as reference for the calibration of a modified Equation of State (EOS). This new pore radius
dependent EOS will then be used in a triple porosity model to take into account the pore size distribution
for reservoir simulations.

Tight oil and shale gas reservoirs consist of a very heterogeneous pore size distribution ranging from
several nanometers to micro meters contrary to conventional reservoirs where pore size distribution has a
micrometer scale. The part of micropores (below 2nm) and mesopores (between 2 and 50 nm) can reach
more than 20% of the volume distribution (Kuila and Prasad 2011). They are mainly associated with clay
minerals and kerogen (Pommer 2014). Hydrocarbon molecules range between 0.5 and 10 nm (Nelson 2009),
then interaction forces between confined fluid and pore wall molecules can become as significant as inter
molecular interactions within the confined fluid. Therefore confinement changes dramatically the fluid
phase behavior. Several approaches have been used to study the confinement effect in the phase behavior
of confined fluids.

Firstly some nanofluidic experiments are showing that the bubble point temperature is increased in
nano-channels compared to bulk (Wang et al. 2014; Alfi et al. 2016). Luo et al. (2016) and Cho et al.
(2017) conducted the same kind of experiments on pore glasses and mesoporous materials respectively and
measured also an increase of bubble point temperature compared to bulk.

Secondly a great deal of work has been done on extension of EOS for confined fluid behavior modelling.
The modification of the thermodynamic flash by including the capillary pressure represents the first main
method used in the literature (Firincioglu et al. 2012; Alharthy et al. 2013; Teklu et al. 2014; Rezaveisi et
al. 2015; Xiong et al. 2015; Sandoval et al. 2016; Stimpson and Barrufet 2016; Zhang et al. 2016; Haider
and Aziz 2017; Lopez Jimenez et al. 2018). This method is improved by some authors by considering
the thickness of the adsorbed layer (Dong et al. 2012; Liu et al. 2016). The second main method used in
the literature considers a shift of critical temperature and pressure proportional of pore radius in the flash
calculation (Devegowda et al. 2012; Dong et al. 2012; Alharthy et al. 2013; Jin et al. 2013; Sanaei et al.
2014; Teklu et al. 2014; Haider and Aziz 2017; Lopez Jimenez et al. 2018). The correlations used for critical
temperature and pressure values versus pore radius are either analytical (Meyra et al. 2005) or build from
molecular simulation results (Jin et al. 2013; Sanaei et al. 2014). The two methods of capillary pressure
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consideration and shift of critical properties are also applied together (Teklu et al. 2014; Dong et al. 2016;
Lopez Jimenez et al. 2018; Zuo et al. 2018). The pore/fluid interaction effect has also been included by
some authors to build a new EOS. Interaction parameters must be fitted with experimental or molecular
simulation results (Travalloni et al. 2010; Travalloni et al. 2014; Barbosa et al. 2016; Islam and Sun 2016).

Finally molecular simulation appears to be the best way to approach the reality of the thermophysics
of confined fluids. Pitakbunkate et al. (2016; 2017) have applied Grand Canonical Monte Carlo ensemble
(GCMC) to methane/ethane mixture phase behavior calculation. Jin et al. (2017) modified the GCMC
ensemble to create the gauge-GCMC method and studied pure system, binary and ternary system. The Gibbs
Ensemble Monte Carlo (GEMC) developed by Panagiotopoulos (1986) and improved by Panagiotopoulos
(1987) has been widely used for confined pure fluid equilibria (Panagiotopoulos 1987; Shaoyi and Keith E.
1995; Gelb et al. 1999; Rahmani Didar and Akkutlu 2015) but very few work have been done for mixtures
(Rahmani Didar and Akkutlu 2015). Other authors are using Grand Canonical Transition Matrix Monte
Carlo (Siderius and Gelb 2011) and Configurational-biais grand-canonical transition-matrix Monte Carlo
simulations (Singh et al. 2009; Singh and Singh 2011) for confined fluid properties calculations. Whatever
the ensemble used, the observations are the same for all authors cited above. The confinement causes a shift
of critical temperature and pressure of the fluid from their bulk value and vapor density increases while
liquid density decreases. These observations are independent of pore shape and composition (Singh and
Singh 2011; Jin and Nasrabadi 2018) and pore size distribution (Jin et al. 2017).

All the methods cited above aim to model the confined fluid PVT for a given pore radius. The study
of the impact of fluid confinement on reservoir production has been carried out by several authors for a
constant pore radius value. Firincioglu et al. (2012), Nojabaei et al. (2014), Xiong et al. (2015) and Haider
and Aziz (2017) ran reservoir simulations with capillary pressure effect on the phase behavior. They all
studied oil system and showed that oil production is increased and gas production is decreased. Devegowda
et al. 2012, Alharthy et al. 2013, Sanaei et al. 2014, Haider and Aziz 2017 and Lopez Jimenez et al. 2018
ran reservoir simulations with critical properties shift effect on the phase behavior and showed that oil and
gas production is increased regardless of fluid type.

However the pore network is in reality very complex and the reservoir has an important heterogeneity of
pore sizes. Upscaling methodologies must therefore be developed in order to perform large scale reservoir
simulations. Few authors have applied the pore size distribution in their model and most of them have
considered an average pore radius inside a simulation cell (Firincioglu et al. 2013, Sanaei et al. 2014,
Alharthy et al. 2017, Haider and Aziz 2017 and Lopez Jimenez et al. 2018). Alharthy et al. (2017) used a
double porosity model with three facies in the matrix subgrid corresponding to a given critical point shift,
permeability and flow capillary pressure. Firincioglu et al. (2013) used a black oil single porosity model
with a random distribution of capillary pressure in the grid. The value of the bubble point in each cell
is suppressed by the value of the capillary pressure inside the cell plus the excess suppression calculated
from a correlation. Sanaei et al. (2014) used a single porosity model with critical shift method and ran
reservoir simulations on a random pore size per cell according to a given distribution. Lopez Jimenez et al.
(2018) did the same work and used the flash with capillary pressure. Haider and Aziz (2017) ran numerical
simulations for two different pore size distributions using a fixed pore radius per cell for flash computation
with capillary pressure or critical point shifts, and concluded that oil production is increased when the
percentage of cells of small pore radius is high. Others authors considered the pore size distribution using
the J Leverett functions or an effective radius function of the saturation of the wetting fluid. Li et al. (2016)
and Li and Mezzatesta (2017) considered a radius function of saturation in the Laplace equation of the flash.
This effective radius is built from a volumetric pore size distribution. They generated black oil properties but
did not perform reservoir simulations. Nojabaei et al. (2014) developed a method called "compositionally-
extended Black Oil formulation". Black oil properties are firstly generated by a flash with capillary pressure
for different pore radius. A K-value compositional reservoir simulation is then run for saturation calculation.
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This saturation gives the effective radius thanks to the Laplace equation. Wang et al. (2013) and Xiong et al.
(2015) used a single porosity model with flash with capillary pressure calculated by the J Leverett function
at specific saturation. These two methods are quite similar and seem not to be efficient. As the percentage of
micro and meso pores inside shale matrix is low, the effective radius value stays quite high (or low J Leverett
function value) for a large range of wetting phase saturation during the flow simulation. Then the impact of
confinement is very low and the fluid behaves like bulk. Alfi et al. (2017) proposed a triple porosity method
with three permeability, three porosity model to account for filtration effect in shale reservoirs. The porous
media is divided into three different sub-media: fracture, large pores and small pores. Peng-Robinson EOS
is used for flash calculation in large pores and fractures and a modified Peng-Robinson equation of state
(Travalloni et al. 2014) is used for small pores for a specific radius in order to account for confinement
effect. The two EOS must be solved simultaneously. All fugacities must be equal at equilibrium in both
phases for the both sub media (large and small pores) for every component. This method is interesting
but seems to be very time consuming and no clear details are given on the thermodynamic equilibrium
calculation and how to model the flux between sub-grids. Besides, we are not sure if the thermodynamic
equilibrium between small and large pores is predominant comparing to other effects such as capillarity
during a dynamic flow simulation.

To our knowledge, the two main methods to model confined fluid PVT behavior, that is, flash with
capillary pressure and flash with critical point shift, have not been compared to reference data. Using
molecular simulation seems to be a best way to approach reality and to construct reference data. In this
paper, a robust and innovative molecular simulation workflow aiming to get thermodynamic properties of
pure components and mixtures in confined space will be presented (Sobecki et al. 2019). A comparison of
these data with modified EOS will also be performed. In the literature, the confinement effect on reservoir
production has been mainly studied with a single pore size model in large simulation cells, but the impact
of pore size distribution inside a simulation cell, especially in the scale of matrix-fracture transfer, has been
poorly considered. In the second part of this paper, we present the study of the pore size distribution on
the matrix-fracture transfer problem using fine grid simulations. Then, an upscaling methodology of the
pore size distribution will be investigated on a coarse grid model for matrix-fracture exchange simulations.
A new triple-porosity model together with a MINC approach will be proposed and a large scale reservoir
simulation will be presented.

Molecular simulation and PVT modeling

Molecular simulation

Workflow.   In molecular simulation, Monte Carlos method aims to generate in a given statistical ensemble
a collection of configurations (spatial coordinates of molecules) representative of the system at equilibrium.
In this collection, each configuration must satisfy the probability density of the given statistical ensemble. It
is like a sampling of molecules positions at equilibrium for a specific statistical ensemble. Thermodynamic
properties of the fluid can therefore be calculated as the average of the macroscopic properties over the
number of configurations.

Molecular simulations have been applied to a hydrocarbon fluid confined in a nanometric pore. The case
of study is a slit pore with graphite walls, which is a simplified model of kerogen pores present in tight oil
and shale gas reservoirs. Two infinite parallel slices are in the directions orthogonal to the slit pore (i.e. x
and y) and the slit pore has a width of length H in the direction z.

As an extension to the work of Jiang and Gubbins (1995) from two dimensions to three dimensions, the
confined Gibbs Ensemble Monte Carlo (GEMC) NVT method (Figure 1) will be used to get thermodynamic
properties of the confined fluid. This method gives accurate results for liquid-vapor equilibrium as it
considers one liquid simulation box and one vapor simulation box in thermodynamic equilibrium. However
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it needs good initial conditions to converge. The Grand Canonical Monte Carlo ensemble (GCMC)
simulation results will be used as initialization for pure fluids and a new method called NPT-BPMC
developed by Sobecki et al. (2019) will be used for mixtures. A description of the GCMC methods is
given in Appendix A. The NPT-BPMC method is a new ensemble based on the classic Gibbs NPT version
(Panagiotopoulos et al. 1987) with Bubble Point Monte Carlo which is a bubble point pseudo-ensemble
suggested by (Ungerer et al. 1999) and improved by (Ferrando et al. 2010) for liquid mixture bubble pressure
calculation. Sobecki et al. (2019) has adapted this method for confined fluid mixture thermodynamic
equilibrium property calculation. The Gibbs code from IFPEN and the LCP laboratory at university Paris
XI is used for all the simulations (Ungerer et al. 2005).

Figure 1—Schematic of the GEMC NVT method, example of n-pentane. Figure from Sobecki et al. (2019)

In the Gibbs NVT ensemble, the number of particles N, the total volume V and the temperature T are
constant. The two phases are represented by two boxes of total volume V with N particles in total. During
the simulation, different trial moves are randomly proposed and accepted according to the probability
acceptation. The moves are translation and rotation of a particle inside a box, transfer of a randomly selected
particle from one box to the other and change of volume in such a way that the total volume remains constant.
In our case of confinement of a slit pore of width H, modifications have been done to allow volume changes
only in the directions orthogonal to the slit pore (i.e. x and y). Simulations for longer chain molecules such
as n-pentane and n-decane have internal translation and rotation in addition. After several Monte Carlo
steps, the thermodynamic average of macroscopic properties can be calculated on stabilized configurations
to give the properties at liquid/vapor equilibrium. More details about the GEMC NVT simulation can be
found in (Daan Frenkel and Berend Smit 1996).

Force field.   Three interaction types are taken into account: fluid-fluid interaction, solid-fluid interaction
and solid-solid interaction. The Steele potential (Steele 1973; Gelb et al. 1999) models the fluid-solid
interactions and the solid-solid interactions are fully neglected. This potential considers only the first layer
of the graphite pore wall, the remaining layers are considered as continuum solid (Siderius and Gelb 2011).

The Steele 9-3 potential is used in the simulation:

(1)

where rsf corresponds to the distance between solid and fluid particles and ρs is the atomic density of solid.
σ represents the distance between two atoms where attractive and repulsive forces are canceled and ε is
energy and represents the depth of the potential well (at the minimum of the function). The values of these
parameters can be found in (Porcheron et al. 1999).

The fluid-fluid interactions are modeled by the Lennard-Jones 12-6 potential:
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(2)

where rij, εij and σij are the distance, the LJ well depth and the LJ diameter respectively.
Lorentz-Berthelot Mixtures laws are used for solid/liquid and liquid/liquid interactions:

(3)

(4)

Periodic boundary conditions are applied in all directions for the bulk system and in x and y directions for
the confined fluid. The Lennard-Jones interactions are only calculated in a sphere of radius corresponding
generally to the half-length of the simulation box because of computational constraint. A long distance
correction is therefore applied considering homogeneous density of the environment beyond this radius.
Long range correction is not used for the slit pore as there are no periodic boundary conditions in the
slit width direction. All studied molecules are described using the AUA4 (Anisotropic United Atoms
model) optimized parameters (Ungerer et al. 2000; Bourasseau et al. 2002). The AUA model consists of a
displacement of the Lennard Jones centers of force toward the hydrogen atoms. The parameters describing
the force field for non-flexible and flexible particles are summarized Table 7 and Table 8 (Porcheron et al.
1999; Ungerer et al. 2000; Bourasseau et al. 2002) in the Appendix A.

Simulation data post-processing
When the stationary state is reached, the number of particles inside the simulation box at each step fluctuates
around its average value and then the system is at equilibrium. The average of a macroscopic propriety X
(energy, density…) is calculated by:

(5)

where n is the number of configurations and  the positions of the particles in configuration i (or sampling
i).

The density of a component i at equilibrium can be calculated by:

(6)

For mixtures, phase densities and molar fractions are calculated by:

(7)

(8)

(9)

(10)
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where Vbox is the volume of the box, <Ni> the average number of particles of component i, Mi its molar
mass, Nav the Avogadro number, the l subscription refers to liquid phase and v refers to vapor phase.

The critical parameters are estimated with the least square fit of the following scaling law (Vega et al.
1992):

(11)

where β=0.325 and B is a constant to adjust. The estimated critical temperature is then used to calculate
the critical density from the least square fit of the following equation (Lambert J.Van Poolen, Cynthia
D.Holcomb, Vicki G.Niesen 1997):

(12)

where A is a constant to adjust. Finally the critical pressure is obtained from Antoine equation (equation 13)
which is derived from the Clausius Clapeyron equation which results from the fitting of the vapor pressure
values obtained at each temperature.

(13)

where C and D are constants to adjust. C and D correspond respectively to the intercept and the slope of
ln(Pv) versus 1/RT, where Pv is the vapor pressure and R the ideal gas constant.

Simulation Results
Critical points calculation of pure components has been performed from NVT simulation results for different
pore lengths (Sobecki et al. 2019). Methane critical point evolution versus pore radius is shown Figure 2
and compared with literature results. The evolution of critical temperature versus pore length differs from
the evolution of critical pressure. But both tend towards bulk value at high pore length. The results for
critical temperature are close to those from (Singh and Singh 2011; Pitakbunkate et al. 2016) which is not
the case for critical pressure because the methods used by the different authors are different. Pitakbunkate et
al. (2016) used the pressure of the bulk fluid in equilibrium with the confined fluid and monitored the end of
density discontinuity versus pressure. Singh and Singh (2011) calculated a unique saturation pressure from
the coexistence probability distribution and applied equation 13 for critical point calculation. The correlation
from Jin et al. (2013) is well adapted and matches the results. The analytical solution from Meyra et al.
(2005) is more adapted for critical pressure than that of Jin et al. (2013), which leads to negative values
for longer chain alkanes.

Sobecki et al. (2019) has performed molecular simulations using GEMC NPT BPMC and GEMC NVT
on two mixtures: methane/ethane and ethane/n-pentane. Examples of pressure versus temperature phase
diagram for a specific composition have been built for methane/ethane and ethane/n-pentane. The phase
envelop of the confined fluid is shifted inwards and closes itself from its bulk value. So, the critical
temperature and pressure are shifted from the bulk value to a lower value, the bubble point is decreased and
the dew point is increased with confinement
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8 SPE-193867-MS

Figure 2—Comparison of critical temperature and pressure evolution with literature
(Meyra et al. 2005; Singh and Singh 2011; Jin et al. 2013; Pitakbunkate et al. 2016).

PVT modeling

Modification of the flash.   The method used for the implementation of capillary pressure for a fixed radius
in the two phase flash was inspired by Shapiro and Stenby (2001), Yi Xiong (2015), Stimpson and Barrufet
(2016) and Haider and Aziz (2017). The implemented algorithm is illustrated in Figure 3 and follows the
steps below.

Figure 3—Two phase flash algorithm with capillary pressure.
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Step 1: An initial value of Ki is assumed for each component. This starting value comes from the Wilson's
equation.

Step 2: The Rachford Rice equation is solved to determine the vapor molar fraction V, which gives the
liquid molar fraction with L=1- V, and the liquid and vapor molar fraction ,  for the

component i.
Step 3: The EOS is solved for liquid and vapor to get Zl and Zv. Then the fugacity coefficients  and 

are determined using the equations of fugacity coefficient.
Step 4: The interfacial tension (IFT) is calculated by the parachor model of Zuo and Stenby (1998).

(14)

with
ν=3.6
συl: interfacial tension (dynes/cm=mN/m)
Pl=∑ixiPi : liquid parachor
Pl=∑iyiPi : vapor parachor
ρl : molar density of liquid phase (mole/cc)
ρv : molar density of vapor phase (mole/cc)

 : parachor of pure component with Tc in K and Pc in bar.
ωi : acentric factor
Then capillary pressure Pcap is calculated by the Laplace equation.
Step 5: The new equilibrium ratio Ki = yi/xi is calculated.
Step 6: The convergence of fugacity and capillary pressure is checked. If there is convergence, then the

solution has been reached. If not, steps 2 through 5 are repeated with the new Ki value. The update of the
capillary pressure in the loop follows an under-relaxation scheme in order to avoid convergence issues,
especially during reservoir simulations. Indeed the Rachford Rice equation has a physical solution only if
there is one of the Ki values higher than one (Curtis H.Whitson and Michael L.Michelsen 1989). Considering
the formulation of the update of Ki, the value of the capillary pressure cannot be too high in an iteration
step for the flash calculation. In our algorithm, we increase gradually the capillary pressure by a factor of
1/3 in the iterations.

The Peng-Robinson EOS (Peng and Robinson 1976) is used in this algorithm. The contact angle θ
is considered to be zero for all the simulations. The flash with critical pressure and temperature shift is
performed on a classic flash which is the same flash algorithm explained in Figure 3 but with zero capillary
pressure. The critical temperature and pressure input parameters for a given pore radius is calculated using
the Jin et al. (2013) correlation and with Meyra et al. (2005) correlation respectively. These correlations
have shown a good match with our molecular simulation results (see, Figure 2). Both methods of flash with
capillary and shift of critical temperature and pressure can also be used together, although one might wonder
the redundancy of this information.

Comparison with molecular simulations.   The thermodynamic properties at liquid/vapor equilibrium of
confined hydrocarbon mixtures obtained using molecular simulation (Sobecki et al. 2019) are considered as
reference data for EOS calibration. The effect of confinement on fluid properties can be observed in Figure
4. The vapor density is increasing, the liquid density is decreasing (Figure 4 right). The critical pressure is
decreasing with a value bellow the bulk value and the bubble point is decreased whereas the dew point is
increased with confinement (Figure 4 left). The three main methods used in the literature such as flash with
capillary pressure, flash with shift of critical temperature and pressure and flash with both methods used
together have been compared with NVT results for methane/ethane in a 3 nm slit pore at 240K (Figure 4).
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10 SPE-193867-MS

Figure 4—Comparison of EOS modifications with molecular simulation results (Sobecki et al. 2019) for methane/ethane
mixture at 240K in a 3nm slit pore. EOS + Pcap corresponds to a flash with capillary pressure with a 3nm pore length. EOS
+ shift corresponds to a flash with shift of critical pressure and temperature following the Meyra et al. (2005) and Jin et al.

(2013) correlation respectively with a 3nm pore length. EOS + Pcap + shift corresponds to both methods used at the same time.

For our flash simulations with capillary pressure, as the mixtures are mainly composed of light
components, gas pressure is used as reference. For this example the method of flash with capillary pressure
and shift of critical properties is the most suitable method for matching the reference molecular simulation
data. A volume correction such as Péneloux et al. (1982) which is independent of the flash calculation is
needed in order to match well the liquid and vapor densities.

Pore size distribution impact on reservoir production
As shale gas and tight oil reservoirs are usually fractured, and the nanopore physics impact only the fluid
flows inside the matrix medium and between the matrix and fracture transfer, we will study the matrix-
fracture exchange process in the scale of a matrix block size. The pore size distribution should be considered
in this matrix-fracture interaction.

Simulation cases
In order to study the impact of the pore size distribution (PSD) on reservoir production, a synthetic reservoir
case representing the matrix/fracture interaction has been built with different PSD. The synthetic case is a
two dimensional single porosity model representing the matrix/fracture exchange. A tight matrix rock of 5m
width, 0.5m height and 0.05m thickness is in contact with a fracture of 0.005m width on its right side (Figure
9). Pressure in the fracture is maintained at a constant value of 100 bar and only oil and water are present at
the initial condition. The initial pressure is 200 bar and depletion is simulated to model flow from the matrix
towards the fracture. Bakken oil (Nojabaei et al. 2013; Xiong et al. 2015) is used for the simulations and
the different compositional parameters are given in Table 1 and Table 2. For information, bubble point at
the reservoir temperature of 373.15 K is 176.7 bar. All the simulation parameters are summarized in Table
3. In order to get reliable results, the grid is very fine with grid cells of 0.05*0.05*0.05m. The permeability
of the matrix has been chosen to be 100 nD in accordance with works from Wang and Reed (2009).
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Table 1—Compositional data for Bakken oil

Component Molar fraction Critical pressure
(MPa)

Critical
temperature (K)

Molar Weight (kg/
kgmol)

Acentric factor Critical Volume (m3/
kgmol)

C1 0.36736 4.599 190.56 16.04 0.0115 0.0986

C2 0.14885 4.872 305.32 30.07 0.0995 0.1455

C3 0.09334 4.248 369.83 44.10 0.1523 0.2000

C4 0.05751 3.796 425.12 58.12 0.2002 0.2550

C5-C6 0.06406 3.181 486.38 78.30 0.2684 0.3365

C7-C12 0.15854 2.505 585.14 120.56 0.4291 0.5500

C13-C21 0.0733 1.721 740.05 220.72 0.7203 0.9483

C22-C80 0.03707 1.311 1024.72 443.52 1.0159 2.2474

Table 2—Binary interaction parameters for Bakken oil

C1 C2 C3 C4 C5-C6 C7-C12 C13-C21 C22-C80

C1 0 0.005 0.0035 0.0035 0.0037 0.0033 0.0033 0.0033

C2 0.005 0 0.0031 0.0031 0.0031 0.0026 0.0026 0.0026

C3 0.0035 0.0031 0 0 0 0 0 0

C4 0.0035 0.0031 0 0 0 0 0 0

C5-C6 0.0037 0.0031 0 0 0 0 0 0

C7-C12 0.0033 0.0026 0 0 0 0 0 0

C13-C21 0.0033 0.0026 0 0 0 0 0 0

C22-C80 0.0033 0.0026 0 0 0 0 0 0

Table 3—2D simulation parameters

Matrix Fracture

Number of cells 100*10*1 1*10*1

dx/dy/dz (m) 0.05/0.05/0.05 0.005/0.05/0.05

k(D) 10−7 10

porosity Facies dependant 1

Initial pressure (bar) 200

Initial temperature (K) 373.15

Initial water saturation Swi 0.3

Fracture pressure (bar) 100

The matrix PSD is divided into three facies corresponding to different ranges of pore size and porosities
(Table 4). Facies 1 correspond to the small pores with pore radius ranging from 2 to 10nm, facies 2
corresponds to large pores from 10 to 100nm and facies 3 corresponds to pore radius above 100 nm or bulk,
where confinement has no effect on the fluid phase behavior. The PSD in each facies is generated by a
lognormal distribution with a mean of 3 and a standard deviation of 1 (Figure 6). Five PSD are considered
in the matrix, and these PSD correspond to different fractions of the three facies (Table 5). The distribution
D2 corresponds to the study of a typical shale reservoir by Kuila and Prasad (2013) and interpreted by
Alharthy et al. (2013).
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12 SPE-193867-MS

Table 4—pore size distribution properties

Facies Pore size (nm) porosity

1 2-10 εf1=0.02

2 10-100 εf2=0.05

3 > 100 εf3=0.1

Table 5—Grid volume and pore volume per facies for the different distributions

Distribution Grid volume fraction (%) Pore volume fraction (%)

Facies 1 (vf1) Facies 2 (vf2) Facies 3 (vf3) Facies 1 Facies 2 Facies 3

D1 10 20 70 2.5 12 85.5

D2 19 22 59 5 15 80

D3 20 40 40 6 31 63

D4 25 45 30 9 39 52

D5 35 50 15 15 53 32

Ten realizations for each five PSD are generated. So, in total, fifty realizations are obtained with ten for
each of the five distributions D1, D2, D3, D4 and D5. Figure 5 is an example of one of the ten realizations
for Distribution D3. Realization examples of PSD for each distribution D are given in Appendix B (Figure
22 to Figure 31). It is assumed that the three facies have the same relative permeability but different
capillary pressures (Figure 7). Capillary pressure is assigned according to the pore size, the facies three
which corresponds to bulk fluid has zero capillary pressure unlike facies one and two (Figure 7).

Figure 5—Example of one of the ten facies spatial distribution of D3 in the matrix

Concerning the PVT modelling of the fluid, the two commonly used methods of flash with capillary
pressure and flash with critical properties shift have been chosen. The flash algorithm illustrated in Figure
6 has been included in an in-house compositional simulator.
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SPE-193867-MS 13

Figure 6—Histogram of an example of a PSD sample for facies 1 and 2 using
the lognormal law distribution with a mean of 3 and a standart deviation of 1.

Figure 7—relative permeability and capillary pressure curves

Fine grid simulations
As explained in the previous section, ten simulations corresponding to different realisations have been
performed for each distribution D. Figure 32 in Appendix B is an example of the production results for the
ten realizations of D1. The results are different for each of the ten realizations because of the difference of
spacial capillary pressure heterogeneity and PVT behavior due to extremely small pore sizes. In order to
compare the different distributions D, the production data of the ten realizations of each D is represented
by their average value P50 and their percentiles P10 and P90. We first present the results with flash with
capillary pressure used for PVT modelling for facies one and two.

The gas and oil recovery factors and the gas-oil ratio (GOR) of the different distributions D are
compared to same case simulations using bulk fluid, i.e. with zero capillary pressure in the entire matrix
and no modification done in the flash. As the porosities are different for each distributions D, the bulk
simulation results are also different. The results for the different distribution D are shown Figure 33 to
Figure 37. In all cases and compared to bulk fluid, the oil production is increased, the gas production
and the GOR is decreased with fluid confinement. Two different effects are present and can explain this
observation: the capillary pressure heterogeneity and the pore dependent PVT modelling. The capillary
pressure heterogeneity will slow down the gas flow or even stuck the volume of gas present in facies 3
where capillary pressure is zero. The density of oil will then become lighter and the matrix pressure will be
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14 SPE-193867-MS

maintained for a longer time. Therefore gas production will decrease and oil production will increase, the
GOR will then decrease. On the other hand the modification of the flash with capillary pressure decreases
the bubble point of the oil. Gas apparition is then postponed during depletion and oil stays lighter for a
longer time, which leads to the same conclusion for production observations.

The Figure 8 compares the P50 value of reservoir production for the different distributions D. When the
percentage of nanopores of facies 1 and 2 increases (i.e. from D1 to D5), the production of oil increases
until D4 and then decreases, the production of gas and the GOR decreases until D3 or D4 (they have almost
the same P50, especially in the first 10-15 years) and then increases. The capillary pressure heterogeneity
has a strong impact on production for low percentage of nanopores in the matrix because large volume of
facies 3 might be surrounded by facies 1 and 2 where the capillary pressure is very high, and then important
volume of gas stays stuck in facies 3. When the percentage of nanopores becomes important (D4, D5), the
volume of facies 3 surrounded by facies 1 and 2 is very small and no gas entrapment occurs. However the
volume of cells with lower bubble point due to modified PVT modeling becomes significant to impact the
production. For the studied cases it seems that the impact on production of capillary pressure heterogeneity
is more important than confined fluid PVT behavior. This could explain the trend inversion of the curves
from D4 to D5.

Figure 8—Comparison of production results for the different distributions with a flash with capillary pressure

The impact of pore size dependent PVT modeling can be analyzed by comparing reservoir simulation
models with capillary pressure heterogeneity and confined fluid PVT model and reservoir models with
capillary pressure heterogeneity and bulk fluid PVT. Figure 9 shows the difference between these two
models for d1, one of the ten realizations. The two different models are quite similar from D1 to D3 which
mean that modified PVT modelling has no strong impact on production for such distributions. However
for D4 and especially D5 with higher percentage of nanopores, the difference between the two models is
significant which mean that pore radius dependent EOS has an important impact on production for these
distributions.
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Figure 9—Impact of modified EOS on production

The production results for the five different distributions are now presented with flash with critical
pressure and temperature used for PVT modelling for facies one and two (see Figure 38 in Appendix B). The
conclusions are similar to the case with a flash with capillary pressure. Compared to flash with bulk fluid, the
oil production is increased, the gas production and the GOR is decreased with fluid confinement. However it
is important to note that changing critical pressure and temperature alters the fluid which provides a different
initial mass, transport and volumetric properties in the single phase compare to bulk. Concerning the
evolution of production against the increase of percentage of nano-pores (from D1 to D5), the observations
are also the same. The production of oil increases until D4 and then decreases, the production of gas and
the GOR decreases until D3 and then increases. The explanations used for the case of flash with capillary
pressure are applicable to the case of flash with critical pint shift.

The comparison with previous results obtained using a flash with capillary pressure is showed Figure
10. The results for D1, D2 and D3 are very similar; indeed the small pores have a low percentage, and
the impact of modified PVT modelling is negligible compare to capillary pressure heterogeneity. However
for D4 and D5 with a higher proportion of nanopores, the difference is quite significant because the two
modified PVT models are different.

Figure 10—Comparison of production results for different distributions
between flash with capillary pressure and flash with critical point shift.

In conclusion, the impact of pore confinement on reservoir production increases the oil production and
decreases the gas production and the GOR compared with the bulk fluid. It is manifested by two effects:
capillary pressure heterogeneity and pore size dependent PVT modelling. The impact of capillary pressure
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16 SPE-193867-MS

heterogeneity on reservoir production is significant for slightly low percentage of nano-pores (D1 to D3).
Large volume of gas might be trapped in very large pores with zero capillary pressure surrounded by tiny
pores with high capillary pressure. The impact of pore size dependent PVT modeling becomes significant
for higher percentage of nano-pores (D4 and D5). The volume of oil with lower bubble point becomes then
significant to impact production. The observations are similar for a flash with capillary pressure or a flash
with critical point shift. All the results shown in this section comes from reservoir simulations using a very
fine grid and can therefore be considered as reliable results. Nonetheless, large scale reservoir simulations
need upscaling methodologies because of computational limits. In the following, the fine grid results above
will be used as references to compare different coarse grid simulation methodologies.

Upscaling methodology

Dual porosity and MINC models
The understanding and modeling of flow in fractured rocks has been studied since the 1960s (Barenblatt G-
I., Zheltov Iu.P. and Kochina I-N. 1960; Warren and Root 1963) and the dual porosity model has been widely
used in the petroleum industry since then (Kazemi 1969; Kazemi et al. 1992). This approach replaces the
single porosity explicit discrete-fracture approach which is computationally intensive and requires specific
details such as fracture and matrix spacial distribution and geometric properties. It therefore may appear
natural to use this kind of models for matrix/fracture interaction modeling in unconventional reservoirs
(Alharthy et al. 2013). The upscaling of the PSD of tight oil and shale gas matrix is very challenging as it
is very heterogeneous and many authors chose to use an average pore radius in the matrix (Firincioglu et
al. 2013, Sanaei et al. 2014, Haider and Aziz 2017, Alharthy et al. 2017 and Lopez Jimenez et al. 2018).
The fine grid simulation results presented in the previous sections are considered as references to compare
the dual porosity model with different pore radius. The results for the distribution D2 are shown Figure
11. The modified EOS with capillary pressure is used in the matrix subgrid and classic EOS is used in the
fracture. The dual porosity model is unable to match the fine grid results for the bulk fluid as well as for
the distribution D2.

Figure 11—Double porosity model

As the permeability of the matrix is very low, the fracture-matrix interaction shows a long-lasting transient
flow (Wu et al. 2012). The quasi-steady state flow assumption of the dual porosity model is then unsuitable
to model the matrix-fracture interaction. The more rigorous MINC (Multiple Interacting Continua) concept
(Narasimhan and Pruess 1988) is adapted as a generalization of the dual-continuum model. It describes
pressure gradient between fractures and matrix by further subdividing individual blocks. Figure 12 shows
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the results for a dual porosity model with 16 MINC subdivisions of the matrix block. The match is very
good for the bulk fluid which is showing that the MINC method allows modeling the long-lasting transient
flow between matrix and fracture. However the dual porosity with MINC discretization is still unable to
match the fine grid results for the distribution D2 regardless of the pore size value. Considering an average
value of the pore size in the matrix with a dual porosity model is therefore unsuitable to model the matrix/
fracture interaction with a PSD in the matrix. Using saturation dependent effective radius (Liu et al. 2016;
Li and Mezzatesta 2017) cannot match the fine grid simulation either, and the obtained results behave like
bulk fluid as discussed in the introduction. A triple-porosity model is therefore studied in this paper.

Figure 12—Dual porosity model with MINC discretization

Multi-porosity model
The triple porosity or multi porosity model is not new and has been proposed by several authors in the
literature for describing flow through fractured rocks. Abdassah and Ershaghi (1986) subdivided the matrix
into two subdomains with different porous medium properties. Bai et al. (1993) used a triple porosity model
with cracks, fissures and matrix. Liu et al. (2003) considered a model with fractures, rock matrices and
cavities. Wu et al. (2004) subdivided the fracture into large fractures and small fractures. More recently
these multi-porosity models have been applied to unconventional reservoirs. Wang et al. (2017a) proposed
a multi-porosity, multi-physics model for gas flow in shale with five regions: hydraulic fractures, global
natural micro-fractures, local micro-fractures, inorganic pores and organic pores. All subdomains have
their own properties and fluid flow regime models. For example, gas slippage effect is added in organic
and inorganic pores which have also different gas capacities for adsorption, and non-Darcy flow is used
for fractures. Wang et al. (2017b) used a triple porosity model for shale gas production simulation. He
considered three domains: natural and induced fractures, kerogen-hosted pores of approximately 25nm
diameter and kerogen-hosted pores of approximately 1nm diameter. The gas flows from small pores through
large pores to fractures. Knudsen diffusion is added in small pores and gas slippage effect is added in large
pores. Only Alfi et al. (2017) considered the confined fluid behavior in his triple porosity model. He divided
the porous media into three different sub-media: fracture, large pores and small pores. Peng-Robinson EOS
is used for flash calculation in large pores and fractures, and a modified Peng-Robinson equation of state
(Travalloni et al. 2014) is used for small pores with a specific radius. Flow occurs between all the sub-media
and thermodynamic equilibrium is verified between small and large pores.

We propose a triple-porosity system modeling matrix/fracture transfers with fractures, small pores and
large pores. The flow occurs inside large pores and small pores as illustrated in Figure 13, and only the
outmost small pore connects with the fractures. Peng-Robinson EOS is used in large pores and fractures, and
the modified Peng-Robinson with capillary pressure is used in small pores. The capillary pressure is equal to
zero in large pores and it is function of saturation in small pores (Figure 7). The fluid which is predominantly

D
ow

nloaded from
 http://onepetro.org/spersc/proceedings-pdf/19R

SC
/1-19R

SC
/D

011S006R
002/1164094/spe-193867-m

s.pdf by C
olorado School of M

ines user on 12 Septem
ber 2021



18 SPE-193867-MS

present in large pores must go through small pores to join the fractures. As the gas-oil capillary pressure
of small pore is higher than large pores, the gas flow up to the fracture is slow down. Furthermore as the
PVT model of the small pore is pore size dependent, then the gas apparition is postponed during depletion.
Therefore the two effects of capillary pressure heterogeneity and the confined fluid PVT behavior are taken
into account in the triple porosity model. The three subdomains have their own porosity and permeability
respecting the fine grid properties.

Let εLP and εSP be the porosities of large and small pores, they should be constrained by VLPεLP+VSPεSP

= VP, where VLP and VSP correspond to the geometric volume of large and small pores, and VP is the total
porous volume of the matrix block. We assume that the volume fraction of large or small pores (υLP or υSP)
is a constant everywhere inside the matrix block. For example, for the cases in the previous section, we can
consider the volume of large pore corresponds to the part of facies 3 where the pore radius is greater than
100 nm, and the volume of small pore corresponds to the facies 1 and 2. Moreover, let kLP and kSP be the
permeabilities of large and small pores, which are used to compute the fluid flow from the inner zone of
the matrix block to the fractures. We have kLP + kSP = km with km the matrix permeability. In case that there
are not direct transfers in the large pore medium, in other words, the all large pores are connected through
small pores, we have kLP = 0 and kSP = km. One of the challenges in this model is the interaction between
large and small pores, which depends on the pore structure, surface exchange areas, etc. We compute this

transfer by  with TLS the transmissibility, which is proportional to the permeability

and exchange surface area and μf the fluid viscosity. Let TLS0 be the transmissibility between large and small
pores in an unit geometric volume, the mass transfer between these two porous media is calculated by

, where Vcell is the volume of the matrix simulation cell which is composed

of both large and small pores. TLS0 is a parameter to be determined, and it can be considered as a constant
value for a given pore size distribution.

Figure 13—Schematic of MINC 1D triple porosity model for one matrix/fracture block

The main parameters to be determined or matched in this triple porosity model are:

• The transmissibility between large and small pores in a unit geometrical volume TLS0.

• The equivalent pore radius in the small pore medium.

• The volume fraction of large or small pores (υLP or υSP). In many cases, we can use these fractions
calculated directly from their volumes in fine grid scale.

• The matrix permeability in the large pore kLP. In most cases, we can consider kLP = 0.
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Apart from this triple porosity concept, MINC (Multiple Interacting Continua) methodology is also used
to discretize the matrix medium. Each MINC cell is composed of two parts: a large pore cell and a small pore
cell (Figure 13). Only the cell in small pore medium closest to the fracture interacts with the fractures. Coarse
grid triple porosity MINC simulations (3P model) are performed with 16 MINC subdivisions to match the
fine grid simulations in the previous section for the distributions D1 to D5. The different fitting parameters
used for the different distributions D1 to D5 are summarized in Table 6 and the comparison between fine
grid and 3P model are shown in Appendix B (Figure 39 to Figure 43). Figure 14 represents the simulation
results with the triple porosity MINC approach for D2 which is far better than the dual porosity model.

Table 6—fitting parameters

r (nm) kLP (nD) TLS0 small pores grid
volume fraction (%) vSP

D1 20 30 2*10−20 0.65

D2 8 3 8*10−21 0.41

D3 3.5 0 3.08*10−20 0.6

D4 5 0 8*10−20 0.7

D5 10 0 8*10−20 0.75

Concerning the fitting parameters (Table 6), when the proportion of nanopores is low like in D1, large
volume of gas can be connected together without being separated by small pores. This is not the case when
the proportion of nanopores becomes high like in D3, D4, and D5. That is why the large pore permeability
kLP is not equal to zero for D1 and D2. In order to keep the pore volume constant, equation 15 is used to
calculate large pore porosity in case of small pores grid volume fraction change υSP. If υSP is not changed
then εLP = εf3. The fitting parameter υSP is only used for D1 and D5. υSP for D1 is changed from 0.3 to 0.65
and υSP for D5 is changed from 0.85 to 0.75. When the proportion of small pores is too low like D1, an
adjustment might be necessary by increasing its volume in the coarse grid model. On the other hand, if the
proportion of small pores is too high, it might be more convenient for an adjustment by reducing its volume
in the triple porosity model.

(15)
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20 SPE-193867-MS

Figure 14—triple porosity model with matching of D2

An upscaled model of the matrix/fracture interaction has been fitted for each of the five distributions D.
A large scale reservoir simulation case can therefore be built with this triple porosity model by discretizing
the fracture medium with a standard method used in the dual-porosity approach.

Simulation of a fractured well in a stimulated reversoir volume (SRV)
The reservoir simulation at SRV scale is generally made with a single and a dual porosity model with a
discrete pore size distribution of one value per cell or an average pore radius (Firincioglu et al. 2013; Sanaei
et al. 2014; Alharthy et al. 2017; Haider and Aziz 2017; Lopez Jimenez et al. 2018). We propose here to apply
the triple porosity model presented above to a large scale reservoir simulation of a horizontal producing
well in a SRV.

Reservoir model
A SRV simulation case has been built according to Figure 15 with one horizontal well in the center.
The 2D grid is 2000m length and 1300m width and the cell dimensions in the x, y and z directions are
100m*100m*10m. The fracture spacing is 20 m in x and y directions, and the corresponding block size
of 20×20 m is used for the matrix-fracture transfer modeling. The fracture permeability in the well blocks
is fixed to 100D and the remaining SRV have an equivalent fracture permeability of 0.01D and 0.001D as
illustrated in Figure 15. The upscaled parameters are the same as the one presented in Table 6. Furthermore
the MINC discretization in the small and large pores is now made in two dimensions with 16 cells in the
matrix medium (16 cells in the marge pore medium and 16 cells in the small pore medium) as represented
in Figure 16.
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Figure 15—SRV fracture grid

Figure 16—Schematic of MINC triple porosity model for SRV simulation

SRV simulation for the distribution D2
It is assumed that the pore size distribution in the matrix medium corresponds to that of D2. The fitted
parameters given in Table 6 are used for the triple porosity MINC simulation. The production simulation
results are presented Figure 17 together with those obtained by the dual-porosity MINC method. The bulk
curves correspond to the simulation result of a dual porosity MINC method with zero capillary pressure and
classic Peng Robinson EOS. The "D2 2P MINC" model corresponds to a dual porosity model and MINC
method with capillary pressure given Figure 7 for the flow in the matrix and a flash with capillary pressure
with the same radius as used in the small pores of the fitted triple porosity model. The differences between
the triple-porosity MINC simulation and the dual-porosity MINC simulation, which is usually used in the
literature to study nanopore PVT behavior in tight oil and shale gas reservoirs, are very large. We believe that
the triple porosity approach gives more reliable results, and the dual porosity model is not very accurate to
handle the pore size distribution issue. As observed at matrix/fracture interaction scale, the pore confinement
representing by the "D2 3P MINC" model increased oil production and decreases gas production and GOR.
This trend is not represented by the "D2 2P MINC" model mostly used in the literature.
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22 SPE-193867-MS

Figure 17—Production results of the SRV with distribution D2

SRV simulation for a distribution of D
A second SRV model has been built for a random realisation of the different distributions D1, D2, D3, D4, D5
represented in Figure 18. The distribution corresponds to a grid fraction of 15% of D1, 40% of D2, 10% of
D3, 15% of D4 and 20% of D5. The different fitted parameters of the triple porosity model for the different
distribution D (Table 6) has been used in this simulation. Figure 19 represents the production results for
bulk in a dual porosity MINC method ("Bulk 2P MINC") and for confined fluid in both dual porosity MINC
method ("D distribution 2P MINC") and the triple porosity model ("D distribution 3P MINC"). As discussed
previously, the "Bulk 2P MINC" model corresponds to a dual porosity model and MINC method with zero
capillary pressure in the matrix and different porosities (or PSD) in each cell. The "D distribution 2P MINC"
model corresponds to a dual porosity model and MINC method with capillary pressure in the matrix (Figure
7), different porosities and pore radius in each cells in accordance to the corresponding PSD. The confined
"D distribution 3P MINC" model corresponds to the triple porosity MINC model with MINC discretization
using upscaled parameters according to the cell PSD. The results are quite similar to the previous case with
a single distribution D2. We have the same conclusion with an increasing of oil production and a decreasing
of gas production and GOR.

Figure 18—Spacial distribution of D1, D2, D3, D4, and D5
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Figure 19—Production results of the SRV with spacial distribution of D1, D2, D3, D4, and D5

Pressures and saturation fields have been plotted in Figure 20 for a specific time (980 days) in each sub
domains of the triple porosity model: fracture, small pore and large pore. The gas saturation is higher in large
pore than in small pore because the bubble point is decreased in small pore due to the pore dependent PVT
behavior. The gas pressure is higher than the oil pressure only in small pore because of capillary pressure
which is zero in large pore and is a function of saturation in small pore. This participates to slow down the
gas flow from large pore to fracture through small pore compare to bulk where capillary pressure is zero in
the entire matrix. This example shows the effect of pore size dependent PVT behavior and capillary pressure
heterogeneity taken into account in the triple porosity model.

Figure 20—Oil, gas pressure field and saturation field in fracture (F), large
pore (LP) and small pore (SP) of the triple porosity model at 980 days.
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Discussions
We have presented a general methodology to upscale the nanopore size dependent EOS and pore size
distribution for a coarse grid triple porosity MINC model. But in the examples of this paper, we are limited
to small upscaling domains.

In this work, the triple porosity model parameters are matched from a 2D rectilinear flow simulation.
We assume that the fitted parameters, such as the transmissibility between large and small pores in an unit
volume, the equivalent pore radius in the small pore medium, the volume fracture of large and small pore,
and the permeability in the large pore, are intrinsic properties related only to the pore size distributions,
and they do not depend on the matrix block sizes as well as multi-directional exchange between matrix
and fractures.

A drawback of the present work is that the considered upscaling domain is not very large. The generated
spatial pore size distribution might be not representative, and the complexity of pore connections is not
correctly modeled. In this work, the considered domain is relatively small, and the flow is rectilinear. Nano
and mesopores can easily form a spatial barrier to enhance the nanopore effect. In a large domain, the effect
related to barrier might be different, and this has an impact on spatial pore size distribution and flow fluid
behavior. In the next step, we will study large upscaling domains, such as two dimensional matrix block or
three dimensional fine grid pore size distributions, where the pore connections are better modeled.

Conclusions
The effect of pore confinement on hydrocarbon thermodynamic properties, the impact of PSD on reservoir
production and finally PSD upscaling methodologies for large scale reservoir simulations have been studied
in this paper.

PVT behavior of pure components and mixtures confined in slit graphite pores have been studied using
a new workflow involving at the end a modified version of the GEMC NVT simulation adding interactions
between the surface walls and the fluid molecules. The critical temperature and pressure of pure components
are reduced, compared to the bulk fluid, as the pore width decreases. Their evolution of the critical
temperature and pressure versus pore length follows different trends and they can be modeled by different
correlations proposed in the literature (Jin et al. (2013) for critical temperature and Meyra et al. (2005) for
critical pressure). Concerning the density of pure components and mixtures, regardless of the composition,
the vapor density is increased and the liquid density is decreased with confinement compared to bulk. The
bubble point is decreased and the dew point is increased with confinement. These reference data have been
compared to the most commonly used PVT modified EOS model in the literature which are flash with
capillary pressure and flash with critical point shift. The best match between molecular simulations and
EOS results are obtained with the flash with both capillary pressure and critical point shift.

The PSD impact on production has been studied on matrix/fracture interactions with a fine grid single-
porosity simulation by considering the effect of nanopores. The PSD is based on three facies with their
own pore radius range, porosity and capillary pressure. Five PSD are considered with different pore volume
per facies describing from low nanopores proportion to high nanopores proportion in the matrix. For each
of the five PSD, ten different realisations are given. Regardless of the PSD, confinement increases the
oil production and decreases the gas production and GOR. In a PSD, the confinement is characterized by
two effects, capillary pressure heterogeneity and PVT in nanopores. In low fraction of nanopores inside
the matrix, and the flash effect is negligible. Because of the higher capillary pressure nanopores compared
to large pores, an important volume of gas stay stuck in the large pores. The pore radius dependent EOS
becomes important for high fraction of nanopores inside the matrix. The bubble point of fluid inside
nanopores is decreased, and then a large quantity of gas apparition is postponed during depletion. Comparing
the different PSD, the oil production is increased and the gas production and GOR is decreased when the
fraction of nanopores inside the matrix increases. But for very high fraction of nanopores, the trend is
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different and reverses itself, marking the transition of the importance of the two effects. The conclusions
here are similar for a reservoir model using a flash with capillary pressure or a shift of critical pressure
and temperature.

Several coarse grid simulation models have been studied on synthetic cases with different PSD.
Comparing the coarse grid results with reference fine grid simulations allows to concluding about the
relevance of the upscaling model. The commonly-used dual porosity MINC model with an average pore
radius of the literature (whatever the pore radius size) is unable to match the fine grid results. A triple
porosity model has been built with three domains: fracture, small pores and large pores. The flow goes from
the large pores to the fracture through the small pores. Large pore domain has a classic Peng Robinson
EOS and the small pore domain has a modified Peng Robinson EOS with capillary pressure and a capillary
pressure function of saturation for the flow. The two effects of capillary pressure heterogeneity and pore
radius dependent EOS are therefore taken into account in the upscaled model. A MINC discretization is
performed in the matrix medium with a fixed fraction of small pores and large pores for a given PSD, and the
flow transfer is considered both inside them and between them. A fitting of every PSD fine grid results has
been done with the triple porosity model using fitting parameters as large pores/small pores transmissibility
in a unit volume, pore radius, sub domains permeability and small pore volume fraction.

A large scale SRV model has been built by taking into account the pore size distribution and its spatial
variation on the simulation cells, and has been simulated with different coarse grid models. The triple
porosity approach has shown quite different results, compared to the commonly-used dual porosity models
with an equivalent nanopore radius. We believe that the triple porosity approach is more suitable for the
handling of complex physics in nanoporous reservoirs, and gives more reliable results. An increase of oil
production and a decrease in gas production and GOR is observed compare to the bulk, which is not the
case for a dual porosity model.

Nomenclature
A = Peng Robinson cubic EOS coefficient
B = Peng Robinson cubic EOS coefficient

dx = cell length in the X-direction, m
dy = cell length in the Y-direction, m
dz = cell length in the Z-direction, m

= liquid fugacity of component i
= vapor fugacity of component i

FLS = Flux between large pore and small pore, m3/s
H = slit pore width, nm
Ki = equilibrium constant of component i
k = permeability (D)

kSP = permeability of small pore, D
kLP = permeability of large pore, D
km = matrix permeability, D
kr = relative permeability
L = molar fraction of liquid phase

Mi = molar mass of component i, g/mol
Naυ = Avogadro number

<Ni> = average number of component i
Pc = critical pressure, Pa

Pcap = capillarity pressure, Pa
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Pi = Parachor of component i, (dyne1/4-cm11/4)/mol
Pl = Parachor of liquid phase, (dyne1/4-cm11/4)/mol
Pυ = Parachor of vapor phase, (dyne1/4-cm11/4)/mol
Pl = liquid pressure, Pa
Pυ = Vapor pressure, Pa

PLP = Large pore pressure, Pa
PSP = Small pore pressure, Pa
rsf = distance between solid and fluid particles, 
r = pore radius (nm)
T = temperature, K

Tc = critical temperature, K
TLS = Transmissibility between large pore and small pore, m3

TLS0 = Transmissibility between large pore and small pore in a unit geometric volume
usf = Steele 9-3 potential between solid and fluid, J

VLP = geometric volume of large pore, m3

VSP = geometric volume of small pore, m3

Vcell = volume of cell, m3

V = molar fraction of vapor phase
Vbox = volume of the simulation box, nm3

υLP =volume fraction of large pore
υSP =volume fraction of small pore
υfi =volume fraction of facies i
xi = liquid molar fraction of component i
yi = vapor molar fraction of component i
zi = molar fraction of component i
Z = compressibility factor

Greek Symbols
ε = depth of potential well, J

εfi = porosity of facies i
εLP = large pore porosity
εSP = small pore porosity

θ = contact angle
μ = chemical potential, J
μf = viscosity, kg/(m.s)
ρs = atomic density of solid, kg/m3
ρi = density of component i, kg/m3
ρl = liquid density, kg/m3
ρυ = vapor density, kg/m3
ρc = critical density, kg/mol

σVL = interfacial tension between liquid and vapor, dyn/cm
σ = distance between particles where inter particles potential is zero, 

Φi = fugacity coefficient of component i
ωi = acentric factor of component i
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Subscript
l = liquid
v = vapor
x = X-direction
y = Y-direction
z = Z-direction

Acronyms
BPMC = Bubble Point Monte Carlo pseudo ensemble

CP = Critical point
EOS = Equation Of State
GOR = Gas Oil Ratio

GCMC = Grand Canonical Monte Carlo
GEMC = Gibbs Ensemble Monte Carlo

IFT = Interfacial tension
LJ = Lennard-Jones
LP = Large Pore

MINC = Multiple Interacting Continua
NPT = GCMC ensemble with number of particles, pressure and temperature constant
NVT = GEMC ensemble with total number of particles, total volume and temperature T

constant
μVT = GCMC ensemble with fugacity, volume and temperature constant
PVT = Pressure-Volume-Temperature
PSD = Pore Size Distribution

SP = Small Pore
SRV = Stimulated Reservoir Volume

2P = dual porosity model
3P = triple porosity model
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Appendix A
Description of molecular simulation methods

GCMC simulation
The GCMC ensemble is sometimes called μVT ensemble considers one box of simulation with constant
chemical potential (μ), constant volume (V) and constant temperature (T). The z direction of the box
corresponds to the slit pore of width H. This box is in thermodynamic equilibrium with a bulk reservoir of
infinite number of molecules. This distribution will be sampled using acceptable trial moves. The volume
of the simulation box is initially empty and different trial moves are randomly proposed and accepted or
not according to the probability acceptation. These moves are generally insertion, translation, deletion and
rotation of particles but longer chain molecules such as N-pentane and n-decane have internal translation
and rotation in addition. At each Monte Carlo step (new configuration), number of particles inside the
box are calculated. When the stationary state is reached this number of particles at each step fluctuates
around its average value and then the system is at equilibrium. μVT simulation is performed at volume
and temperature constant for several chemical potentials. Therefore the fluid is described from ideal gas to
compressed liquid. The gap of density value in function of the fugacity allows determining the liquid/vapor
equilibrium. The input fugacities values are approximated by bulk EOS calculation. More details about the
GCMC simulation can be found in (Daan Frenkel and Berend Smit 1996).

Figure 21—Schematic of the GEMC NVT method, example of n-pentane. Figure from Sobecki et al. (2019)

Force field parameters

Table 7—Non flexible molecule parameter

Atom ε(K) M(g/mol)

CH4 149.92 3.7372 16.043

AUA CH2 86.291 3.4612 0.38405 14.03

AUA CH3 120.15 3.6072 0.21584 15.03

Steele solid 47.0651 3.8663 0.033

δ is the magnitude of the shift between the carbon center and the interaction site of the Anisotropic United
Atom (AUA) model.

ε is the depth of the potential well.
ρs is the atomic density of solid.
σ is the distance between particles where inter particles potential is zero.
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M is the molar mass.

Table 8—flexible molecule parameters

Bond length

C-C 1.535

Bend θ(°) kbend (K)

CH3-CH2-CH2
CH2-CH2-CH2

114 62500

Torsion ai (K)

CH3-CH2-CH2-CH2
CH2-CH2-CH2-CH2

a0=1001.35
a1=2129.52
a2=-303.06
a3=-3612.27
a4=2226.71

a5=1965.93
a6=-4489.34
a7=-1736.22
a8=2817.37

θ and kbend are the angle and the bending constant of the harmonic bending potential.
ai is the constant of the torsional potential.
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Appendix B
Study of pore size distributions

Pore size distribution realizations

Figure 22—Example of facies distribution for distribution D1

Figure 23—Example of PSD for distribution D1

Figure 24—Example of facies distribution for distribution D2

Figure 25—Example of PSD for distribution D2
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Figure 26—Example of facies distribution for distribution D3

Figure 27—Example of PSD for distribution D3

Figure 28—Example of facies distribution for distribution D4

Figure 29—Example of PSD for distribution D4

Figure 30—Example of facies distribution for distribution D5
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Figure 31—Example of PSD for distribution D5

Fine grid simulation results

Figure 32—Production results for the ten samples of distribution D1 compared to bulk

Figure 33—Production results of distribution D1 compared to bulk
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Figure 34—Production results of distribution D2 compared to bulk

Figure 35—Production results of distribution D3 compared to bulk

Figure 36—Production results of distribution D4 compared to bulk
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Figure 37—Production results of distribution D5 compared to bulk

Figure 38—Comparison of production results for the different distributions with a flash with critical point shift

Coarse grid simulations

Figure 39—3P matching for D1
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Figure 40—3P matching for D2

Figure 41—3P matching for D3

Figure 42—3P matching for D4
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Figure 43—3P matching for D5
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