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Abstract. The understanding of the adsorption and wettability in rock-brine-oil interfaces is
crucial to estimate the amount of crude oil that can be potentially extracted from natural reser-
voirs. One of the most promising applications of nanotechnology in Oil & Gas industry, it
is the potential of nanostructures as wettability modifiers for Enhanced Oil Recovery (EOR)
processes. These nanostructures can be produced economically feasible in large scale with
a certain degree of control and stable at reservoir conditions. In addition, their surface and
interfacial properties can be tuned for a given geological reservoir. For EOR processes, it is
also important to characterize the fluid flow and porous media (mineralogy and morphology)
by considering the connectivity, porosity, tortuosity and permeability. In this work, we apply
a hierarchical multi-scalar calculation protocol to explore the potential applications of the in-
telligent nanofluids for EOR processes. In this multiscale approach, the thermodynamics and
transport properties are obtained through Molecular Dynamics (MD) and then mapped as Lat-
tice Boltzmann Method (LBM) parameters. Our objective is two-fold: i) to quantify the porosity
versus permeability relation for different pore geometry and size distribution and ii) determine
how a given nanoparticle (NP) dispersion can effectivelly displace oil. More specifically, we
study the injection of NP dispersion in montmorillonite (MMT) clay pore structures, previously
filled by oil. Distinct functionalized SiOs NPs have been considered (hydroxylated, sulfonic
acid, and polyethyleneglycol) dispersed in brine (API: 8% NaCl and 2% CaCls,). In addition,
this displacement process is studied in porous media that have the same porosity but different
geometric configurations, varying: form (squares, hexagons, octogons and circles), size (circles
of four different ratio) and pore distribution (four configurations). Our results indicate that for
a given porosity and same injected fluid, more oil is displaced for squared shapes and small
circles. While, for the same geometry, the PEGylated NP dispersed fluid are more effective to
displace oil with respect to the other NPs and the brine injections.

Keywords: Enhanced Oil Recovery, Lattice Boltzmann Method, Molecular Dynamics, Microflu-
idics, Nanoparticles
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INTRODUCTION

Nowadays, there is a significant research effort to optimize and develop new oil recovery
processes from natural reservoirs. In average, 5 to 25% of the total oil in the reservoir can be
recovered by natural depletion, whereas, 10 to 20% additional oil may be extracted by water
flooding or gas injection. The target of these new methods is to recover the remaining frac-
tion which is mainly associated with oil trapped in the rock porous media through capillarity
forces and interfacial phenomena. In this context, understanding the rock-oil-brine wettability
mechanism is of primary importance to estimate the amount of potential crude oil that could be
recovery from underground resources (Morrow et al., 1990; Green et al., 1998; Starov et al.,
2007; Donaldson et al., 2008).

In this direction, one of the most promising applications of nanotechnology in oil & gas
industry is the potential use of nanostructures as wettability modifiers for EOR processes (Sulei-
manov et al., 2011). These nanostructures can be economically feasible to be produced in large
scale with a certain degree of control. Also, these NPs can stable at reservoir conditions and
their surface and interfacial properties can be tuned for a given geological reservoir (Munshi et
al., 2008). For EOR processes, it is also important to characterize the behavior of injected NPs
dispersed fluid flow by taking in account the connectivity, porosity, tortuosity and permeability
through a rock porous media (mineralogy and morphology).

From MD simulations we can obtain: the interfacial tension between the fluids in contact
(displaced and injected) and wettability involving the fluids and the fluids and the porous matrix
(digital rocks). This information obtained at the nanoscale is introduced into the microscale
field, where they are treated as microscopic interactions: fluid-fluid and fluid-solid within the
lattice Boltzmann method. The physical observables obtained from the microscale (density
and velocity of the fluids) can be compared with the macroscopic variables of hydrodynamics
applied to microfluids.

In this context, computational fluid dynamics (CFDs) can play an important role. In par-
ticular, the LBM, given its simplicity to model the dynamics, the easy handling of complex
geometries and especially its flexibility for implementation in parallel computing. LBM was
first derived by McNamara and Zanetti et al. 1988, since then, it has emerged as an alterna-
tive powerful method for solving CFD problems. It was very successful to simulate complex
flows, such as: fluids with immiscible components, interfacial problems, fluid flow in pene-
trable media, fluid simulations of multiples species and flows in fairly complex porous media
(Porter et al., 2012). In recent years, LBM has been extended even to semiclassical (Rodrigo
et al., 2016) and relativistic fluids (Mendoza et al., 2010). Here, we will characterize the petro-
physics properties of injected NPs dispersed fluid flow through artificial rock porous media
with controlled geometries by using an hierarchical approach which combines LBM and MD
simulations (Pereira et al., 2016).

METHODOLOGY

The computer simulation of the EOR is performed mainly from the LBM using the software
TAXILA (Coon et al., 2014), with the purpose of estimating the recovery factor of a solution
with chemical additives injected on matrices of different materials and geometries filled with
petroleum or gas or other fluid of interest. The physicochemical characteristics of the system
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(pore matrix and fluid): density, viscosity, surface tension and wettability were previously deter-
mined by Molecular Dynamics calculations (Miranda et al. 2012; de Lara et al. 2012a; Pereira
et al., 2016) using the LAMMPS software (Plimpton et al. 1995).

Our previous MD simulations (Miranda et al., 2012; de Lara et al., 2012a; de Lara et al.,
2012b; Rigo et al., 2014; Sanchez et al., 2014; Pereira et al., 2016; Alvim et al., 2017), indicate
that the addition of SiO, nanoparticles to the brine solutions reduces the interfacial tension be-
tween brine and oil, followed by an increase of the contact angle between clay and oil. In order
to investigate how these interfacial properties changes will affect the oil recovery process in
porous network models (PNM) that emulate real pores, LBM simulations are used to determine
the effects of SiO, nanoparticles within oil extraction process. The study of the oil extraction
process in a basic pore structure, shows that the observed reduction of the interfacial tension
and the increase of the contact angle by the inclusion of nanoparticles, leads to a considerable
amount of oil displacement, thus, enhancing the oil recovery.

The results generated at the nanoscale are mapped as parameters in Boltzmann method
simulations to explore the oil extraction process at the microscale (Pereira et al., 2016; Alvim et
al., 2017). For the microscale simulations, the fluid-flow is modeled within the explicit forcing
LBM (Porter et al., 2012), which is a multicomponent interparticle-potential LBM for immisci-
ble fluids with large viscosity ratios, where the external forces are directly incorporated into the
discrete Boltzmann equation. TAXILA development by Coon et al., 2014, is an open-source
to solve the LBM that incorporates external forces directly and is written in Fortran, C++
and Python. Built with MPI instructions, a standard for message-based parallelism, TAXILA
uses PETSc to abstract data structures and communications, which, enables codes to achieve
excellent parallel performance.

Molecular Dynamics

Our group at IFUSP has applied classical molecular dynamics to determine interfacial and
structural properties of NPs in oil-brine-rock interfaces at nanoscale (Miranda et al. 2012; de
Lara et al. 2012a, Pereira et al., 2016). All relevant systems have been fully atomistically
taken in account: clay, brine, oil and various types of nanoparticles. In particular, in these
calculations, MMT clay interacts with i) an API brine solution (8% NaCl and 2% CaCl,) and
three types of SiOy nanoparticle solutions: i) hydroxylated (NP-H), iii) functionalized with
sulfonic acid (NP-SA) and iv) functionalized with polyethylene glycol (NP-PEG2).

Given that the MD calculations on these systems at the relevant thermodynamic condi-
tions for the properties of interest are already published (Miranda et al., 2012; de Lara et al.,
2012a; Pereira et al., 2016), here no further MD calculation was needed. In these published
MD studies on nanoparticles within API brine-oil interface confined between montmorillonite
(MMT) slits, the potentials used in the interactions of the clay-brine-oil system and nanoparti-
cles, are: i) CLAYFF potential (Cygan et al., 2004) for MMT, i) SPCE/FH potential (Alejan-
dre et al., 2009) for API brine, iii) CHARMM potential (Brooks et al., 2009) for light oil and
iv) CHARMM potential based in Cruz-Chu et al., 2006, for SO, nanoparticle. In these stud-
ies, the averaged density, viscosity, interfacial tension, and the contact angle were determined
over a 4 ns simulation within the NVT (number of particles, Volume and Temperature constant)
ensemble after the system equilibration (See, Tab. 1).
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Table 1: Summary of the molecular dynamics results for density (p), kinetic viscosity (1), interfacial tension
() and contact angle () at 1 atm and 300 °K

Brine Oil Brine-Qil
System
Py (Kg/m3) | Uy (1075m2/s) | po (Kg/m3) | Vo (1075m2/s) | Voo (Kg/s) | Ou (°)
no-NP 997 0.791 810 4.473 0.043 21
NP-H 1026 0.867 810 4.348 0.038 26
NP-SA 1037 0.867 810 4.395 0.033 33
NP-PEG2 1034 0.854 810 4.384 0.029 40

Lattice Boltzmann method

The LBM method is based on the Boltzmann theory, which describes the behavior of a
system by the distribution of a set of (fictitious) particles, where, the discretization of the Boltz-
mann kinetic equation generates a discrete domain called lattice, in which the particles are
confined (Sukop et al., 2007). The discretized kinetic models can be used because the fluid
dynamics is the result of the collective behavior of many microscopic particles in the system
(Succi et al., 2001). In this method, the dynamics of a fluid mixture is represented by a set
of particle distribution functions on a discrete two or three dimensional lattice (Mohamad et
al., 2011). The properties of the particles that interact with one another in a position £ of the
physical space, is represented by a distribution function:

1 At

ek Fik Fik
fik(:c—i-eiAt,t—i-At) - fik(cc,t) o fimn — fi’z:c,t) - Tfi + At f; (D

where, 7, is the dimensionless relaxation time for each fluid component &, which is related to the
kinematic VlSCOSlty by v, = (7, — 0.5)/3. The equilibrium particle distribution function f;* F
forcing terms fz , and velocity vectors e; has the same form as implemented by Porter et al.,
2012. The forcing terms are able to reproduce distinct physical effects, including external body
forces, internal forces such as inter-particle potentials (surface tension), and cohesive forces to
solid surface (fluid wettability).

Interparticle potential forces, enable phase separation and surface tension to be included
easily in the LBM.

Pk(x’) — Pk(x
Fi; = —pie Z > Gra(lar—) =8 (2~ a) 2)

k'=12'eNy |£l3 |

where, the second summation is taken over a set of lattice sites \/,, which do not include wall,
and Gy = gkk,é where g, specifies the strength of forces and equivalently the surface tension,
while G enforces isotropy and spatial extent that increases the numerical stability and allows
the simulation of fluid mixtures with high viscosity ratios. Such fluid-fluid forces enable phase
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separation and surface tension to be easily included in LBM. As presented by Porter et al.,
2012, there is a unique relationship between the surface tension and the interaction strength g,
of a binary mixture, which is independent of the chosen viscosity and viscosity ratio. They
have shown that, a simple quadratic fit (32 = —1.361 g%, + 1.721 g;, — 0.178) can be used to
estimate the surface tension 75 of a given binary mixture of any viscosity and viscosity ratio.

Cohesive forces to solid geometry are included through a force fluid-solid of the following
form:

Fl = —pr) Z g Z (' — ) 3)
m=1

z'€EWs

where, g} indicates fluid component £’s affinity for mineral m and W; indicates the set of
neighboring sites © + e; which represent a wall node of mineral m. In multicomponent or
multiphase simulations, this yields a contact angle, where positive g; indicates a non-wetting
fluid and negative g; indicates a wetting fluid.

The macroscopic properties for density, momentum and pressure of each fluid component
(physical observables) are defined as follows (Mohamad et al., 2011; Porter et al., 2012):

pe=>_fF “)

Pl = Z fikez' (5)
1

Pr=73 ; pr+3 % Erk PkPK! (6)

The above LBM equations are in lattice units, and a relation with the physical units can be
stabilished via a characteristic scale (/,, t,, m,). This characteristic scale can be easily estabil-
ished by defining the dimensionless conversion from a physical parameter to a computational
LBM parameter. This characteristic scale can be easily estabilished by defining the dimen-
sionless conversion from a physical parameter to a computational LBM parameter. Initialy, we
define three computational parameters, namely, lattice size f/x, oil density p, (or brine density
pp) and the interfacial tension between oil and brine 7,,. This way, the characteristic scale can
be determined as follows (Pereira et al., 2016):

- Lx
L,=1,L, — l, = =— @)
L,
me . o
po="ps  — 7m=%@ ®)
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me . Yoo
Yoo = t_2 Yvo — to - ’Y_b my (9)

For a successful simulation, you must have a set of consistent and valid lattice parameters.
The analysis of convergence and stability of solutions, especially solutions that do not violate
physical principles, must be done through the criteria (Inamuro et al., 1997; Gan et al., 2008;
Yang et al., 2012): Reynolds number, Mach number and Knudsen number.

L
R, = UL (10)
1%
M, =Y (1
Cs
M
K, =—-= 12
= (12)

where, L and U are the characteristic length and velocity of the system (example, width of
the porous media and velocity injection respectively), v is the kinematic viscosity of a fluid in
interest (in this case, with respect to oil) and ¢, is the velocity of sound.

Fluid flow in porous media

One of the key issues in the physics of porous media is to describe the flow delay by the
porous media network, also, how it correlates with the porous geometry and morphology. The
most relevant quantities related to fluid dynamics in porous media are: porosity, tortuosity,
surface area and permeability. Below, we define them as it has been used in this work:

a) Porosity (¢) is defined as the fraction between the total volume that is occupied by connected
pores Vp,res and total volume of the porous medium V;,q (Scheidegger et al., 1974), as show
on Eq. 13:

¢ o ‘/pores
‘/total
The media with non-connected pores do not allow flow, therefore, do not need to be con-

sidered for our purposes. In the models studied, the medium has both connected and non-
connected pores, where the volume occupied by the latter must be disregarded.

(13)

b) Tortuosity (7) is a geometrical figure-of-merit that indicates how much the fluid flow stream-
lines deviate from straight paths. It is defined as the ratio between the total length, Lgtcqm.
along the streamline and its effective length, L. ¢, the length of the straight line connecting
final and initial position (Scheidegger et al., 1974), as it show on Eq. 14:

LS ream
! (14)

T =
Leffect
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Figure 1: Basic pore structures that have the same porosity, used in our simulations. Gray regions represent
solid area, while the white color stands for pore space. Structures are classified into three types, according
to the solid region: a) different shapes, b) different sizes and c¢) random distribution.

This definition of tortuosity is essentially geometric and may bring some difficulties when
applied to porous media. Alternatively, we use concept of hydraulic tortuosity (Duda et al.,
2011) expressed as follows:

L) 15)
> Va(r)

where r run through all nodes of the network, therefore, v is the velocity of each point of
the system and v,, is its component along the direction of the flow.

T

Case studies

In this work, we explore the role i) of PNM in 2D and i) the effects of NP’s within EOR
processes at microscale. Regarding the effect of the porous structure (see, Fig. 1), three cases
were considered: a) different shapes, b) size variation and ¢) random distributions. Where, for
each situation, four different pores are compared. The porosity was kept constant for all cases
studied. For the injected fluid, four cases are taken in account (see, Tab. 1) for the same porous
structures. First, only the API brine injection, then, three types of nanoparticle solutions are
individually included: NP-H, NP-SA and NP-PEG2.

Initially, the petrophysics properties of the PNM are characterized, such as: porosity through
Eq. 13 and its respective tortuosity, through Eq. 15. In the latter case, the hydraulic tortuosity is
obtained. To apply Eq. 15, it is necessary that the velocity field of the fluid reach at a stationary
state. To perform a test to the applied methodology, we proceed to obtain the hydraulic tortuos-
ity of the system of Fig. 2. This system consists of a channel at different angles of inclination (in
this case, only four angles), with respect to the horizontal line, where, the geometrical tortuosity
of this system is well known (Duda et al., 2011) and has the following analytical solution:
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Figure 2: Tortuosity in a channel with constant width at different angles. a) Fluid velocity in the channels,
yellow color is maximum velocity and black color is zero velocity. b) Stationary velocity in the channels
reached in a short time. ¢) Comparison between geometric tortuosity and hydraulic tortuosity.

1
cos

T =

(16)

The hydraulic tortuosity was obtained only for four angles of inclination (see, Fig. 2a),
when the system reaches a stationary state. This occours at approximately 3 us in the four
cases, as shown in Fig. 20. Finally, in Fig. 2¢, we can see the results obtained in comparison
with the analytical solution (Eq. 16). This suggests that hydraulic tortuosity method is valid.

RESULTS

All the studied porous structures are square regions, with dimensions of 5.68 x 5.68 um
(L x L), each one with a different pore configuration, as show on Fig. 1. All the structures
are designed to have the same porosity ¢ = 0.69 (Eq. 13), while, the tortuosity is obtained
by the hydraulic technique and the result is constant for all the structures 7 = 1.12 (Eq. 15).
To displace the oil that initially occupies the entire porous structure, is injected brine (with or
without Np’s) with a velocity of v = 0.44m/s from left to right in all cases.

In order to explore how i) the structure of the PNM and i) the addition of SiO, nanopar-
ticles to the brine solution will affect the oil displacement process at the pore scale level, these
results are mapped into LBM simulation parameters and a microscale LBM fluid flow simu-
lation is performed. Following the MD to LBM mapping procedure, the physical properties
shown in Tab. 1 are mapped into LBM simulation parameters. The set of LBM parameters is
shown in Tab. 2, which are simulated in a discrete two-dimensional lattice of the type: D2Qq.
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Table 2: Dimensionless LBM parameters derived from the MD results show in Tab 1. The characteristic
scaleis: [, = 2.22 x 107 8m, t, = 1.52 x 107 1%s and m, = 9.91 x 1072 kg

System Pv/Po Th To Yoo Zbo g
no-NP 1.0 1.230 4.628 0.100 0.190 -0.045
NP-H 1.0 1.299 4513 0.089 0.181 -0.056
NP-SA 1.0 1.300 4.556 0.077 0.171 -0.058
NP-PEG2 1.0 1.288 4.546 0.068 0.164 -0.057

The LBM parameters are chosen according to the strategies and similar values described
in Pereira et al., 2016, as well as through the criteria of the numbers of: Reynolds, Mach and
Knudsen (Egs. 10—12), where: R, = 0.56, M, = 1.27 x 1073 and K,, = 2.29 x 1073, These
criteria indicate that the flow in the simulations is: @) in laminar regime (R. < 2000), b) with
velocities lower than the velocity of sound (M, < 1) and ¢) slip flow regime close to continuous
regime (0.001 < K,, < 0.1). Now, the PNMs have dimensions equal to 256 x 256 (L, x L,) and
the injection velocity is ¥ = 0.003 in all cases, therefore, according to Eqs. 7—9 and Tab. 2 the
characteristic scales are: [, = 2.22 x 1078 m, t, = 1.52 x 107!% s and m,, = 9.91 x 102! kg.

Effect of the porous structures

To observe the effect of the structure in the EOR process, the porosity, tortuosity and the
injection velocity are not modified in the simulations. Fig. 1, shows various porous structures
for the EOR processes, classified into three types: a) different shape, b) size variation and
c¢) random distribution. For each of the cases a) b) or c), there are four examples of porous
structures. The snapshots of each of them are shown when one of them reaches 100% oil
extraction.

In the first situation (Fig. 3), the extraction process of the four examples (square, hexagon,
octagon and circle), follow the same pattern. No remarkable differences are observed, where,
the most efficient is the square and the least efficient is the circle. The second case (Fig. 4),
has four types of circle sizes: 1 very large, 4 large, 16 medium and 64 small circles. The small
circles are the most efficient and the least efficient is the very large circle. Finally, in the third
situation (Fig. 5), it is observed that all random distributions displace the oil by an average of
91% (oil retained approximately, 9%), even though, we double the simulation time compared
to the previous two cases. Thus, in the latter case there is potential for the use of surfactants to
improve the oil extraction.

Effect of the nanoparticles

To observe the importance of the surfactants, nanoparticles are added to the injected brine.
In order to isolate the effects of the nanoparticle dispersed fluid injection, the porosity and the
injection velocity are kept fixed. Fig. 6 shows the percentage of extracted oil for an injection
time of 11.2 us, to the four studied cases. The results show that the injection of brine without
nanoparticles (no-NP) is the least efficient oil recovery process and the addition of nanoparticles
increases the recovery percentage. From the three types of nanoparticles, the NP-PEG?2 is the
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Figure 3: Oil recovery (oil: black region) from porous media of MMT (clay: gray region) as a function of
injection time of API brine (brine: cyan region). a) Snapshot of oil extraction at time 12.8 uis, in porous
media with pores of different shapes but the same size. b) Percentage of oil extraction, during the process of
brine injection.
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Figure 4: Oil recovery (oil: black region) from porous media of MMT (clay: gray region) as a function of
injection time of the API brine (brine: cyan region). a) Snapshot of oil extraction at time 9.8 us, in porous
media with pores of different sizes with circular shapes. b) Percentage of oil extraction, during the process
of brine injection.
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Figure 5: Oil recovery (oil: black region) from porous media of MMT (clay: gray region) as a function of
injection time of API brine (brine: cyan region). a) Snapshot of oil extraction at time 22.8 uis, in porous
media with small circular pores randomly distributed. b) Percentage of oil extraction during the process
of brine injection, where none can extract all the oil even doubling the injection time with respect to the
previous examples.
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Figure 6: Oil recovery (oil: black region) from porous media of MMT (clay: gray region) as a function of
injection time of API brine (brine: cyan region). a) Snapshot of oil extraction at time 11.2 us, in the same
porous media (first example of Fig. 5a), with different injection fluids: only brine and brine plus three types
of nanoparticles. b) Percentage of oil extraction, during the process of fluid injection for the four cases,

where the use of nanoparticles allows to extract more oil, being the most efficient the NP-PEG2 followed by
the NP-SA.
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most efficient displacing 100% of oil, followed by the NP-SA that displaces 98% and finally,
the least efficient is the NP-H that manages to extract 96%.

CONCLUSIONS

In this work, we apply a hierarchical multiscale computational protocol based on the com-
bination of molecular dynamics and lattice Boltzmann method to simulate flooding injection of
NPs dispersed fluids to displace oil in PNM. The oil displacement through 2D porous media
was studied under different simple geometric configuration under similar porosity.

With respect to the effect of the porous structure on the amount of oil displaced, we can
observe that circular porous medium are the least efficient with respect to the other forms,
being the circular form the most used computationally to emulate the natural pores. For the
same geometric form, the PNM formed by small circular pores is more effective with respect
to the larger ones, therefore the decreasing (reduction of individual pore size but maintaining
the same porosity of the system) of a porous medium, which may be related with increasing
network, contributes to an increasing the EOR. For a PNM with random distribution of small
circles, a given amount of oil remains trapped even after an injection of brine, which emulates
better the porous network found in porous media typical of oil reservoirs. In our case, for the
four randomly distributed cases studies, a retention on average 9% of oil was observed.

Finally, the effect of the NPs on the oil displacement was analysed for one of the porous
media with randomly distributed pores. In this case, surfactant funtionalized nanoparticles en-
hanced the oil recovery within 9% compared with the brine injection. Overall, our studies shows
the capability of the multiscale protocol to investigate the fluid flow throw PNM and quantify
the best chemical additives (surfactants or nanoparticles) for EOR.
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