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A B S T R A C T

A new Enhanced Oil Recovery (EOR) method is proposed by combining the effects of a traditional polymer
flooding and exploiting the advantages that nanotechnology presents in the oil industry. Thus, a novel technique
is introduced and applied to a 2D reservoir model with a two-phase, five-component system (aqueous, oil phases
and water, hydrocarbon, polymer, nanoparticles and salt). For the polymer characterization, a novel approach is
presented considering the polymer's architecture and its degradation in order to calculate the physical proper-
ties, which has never been reported in reservoir simulation. The presence of the nanoparticles affects mainly the
rheological behavior and the wettability of the rock, increasing the oil phase mobility. Moreover, negative effects
such as particle aggregation and sedimentation are also modeled using a novel formulation in reservoir simu-
lation. The combined action of polymers and nanoparticles allowed increasing the recovery factors beyond
standard EOR processes, and it represents a suitable alternative to replace traditional combined methods, such as
Surfactant-Polymer (SP) or Alkaline-Surfactant-Polymer (ASP). This is due to the fact that the nanoparticles act,
to a greater or lesser extent, on the wettability, rheological and interfacial properties of fluids and rock for-
mation, which is complemented with the polymer's viscosifying properties. Moreover, economical factors could
also render this technique more attractive, since the nanoparticles' associated costs are substantially lower than
those from surfactant flooding. This simulation proves the potential of nanotechnology as a mean to boost
traditional EOR techniques in order to further increase the operative life of mature oil fields.

1. Introduction

The main objective in Enhanced Oil Recovery processes is to alter
the fluid and/or rock properties in order to diminish the oil saturation
below the residual (Sor) after waterflooding (Dake, 1978; Morrow,
1987; Satter et al., 2008). Even though nanotechnology is not an EOR
technique per se, the unique features found at the nanoscale allow
boosting and improving the performance of current methods, modifying
parameters which in the end result in an increase in the oil recovered.
Therefore, the main objective of the nanotechnology assisted EOR
processes is acting on one (or several) of the following factors: mobility
control using viscosity-increasing water/polymer/nanoparticles solu-
tions; altering the rock wettability; interfacial tension (IFT) reduction
by adding surfactants; and lowering the oil viscosity by means of na-
nocatalysts which react at high temperatures, producing lighter frac-
tions easier to recover.

The use of standards technologies in EOR allowed increasing the
performance of oil fields after waterflooding. Although the recovery

factor was increased, decreasing the residual oil saturations, a sig-
nificant percentage of the original oil in place (OOIP) remains still
trapped even after the profitable limit of standard EOR processes. The
attention was focused then on boosting the efficiency of these methods.
During the last 15 years researchers have looked for ways to increase
the efficiency of these methods, and the response came through from
the nanotechnology, thanks to the exceptional properties of the mate-
rials at these length scales. By injecting nanoparticles in both water-
flooding and polymer flooding processes, it has been possible to in-
crease the recovery efficiency. Therefore, the development of a polymer
flooding model enhanced by means of nanotechnology is discussed
during this paper. The oil recovery process in the 2D oil field is thor-
oughly discussed to simulate a two-phase, five-component flow.

1.1. Nanotechnology in EOR

Several authors have studied the transport of nanoparticles in
porous media and their application to EOR processes (Maurya and
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Mandal, 2016; Onyekonwu and Ogolo, 2010). However, to the extent of
our knowledge, there are no reports in the literature on the numerical
simulation of a combined process of chemical EOR with nanoparticles,
so it is deemed that it is of vital importance to understand how these
methods work. As in the previous case with the SP flooding, the com-
bination of two agents for EOR cannot be considered only as the sum of
independent elements, but the interaction between them must also be
considered. In the case of nanoparticles in polymer solutions this cannot
be avoided (Maurya and Mandal, 2016; Berret et al., 2004; Choi et al.,
2017). An example of this interaction is the diffusion of the nano-
particles into the porous medium. The Stokes-Einstein equation de-
scribes this phenomenon for nanoparticles in pure fluids, at low con-
centrations. However, the presence of the polymer molecules and their
interactions with the particles affects this process, coupled with the fact
that, at higher concentrations, the interaction among the nanoparticles
cannot be avoided.

The study of nanoparticles in porous media was also analyzed in a
novel way for the cases of CO2 storage and EOR by CO2 by Sbai (Sbai
and Azaroual, 2011). A 2D simulator was developed for both homo-
geneous and heterogeneous media, taking into account the particulate
release, migration, and capture in two-phase flow systems. This simu-
lator was validated by laboratory tests and proved useful for testing the
efficiency of nanoparticles in both two-phase CO2 storage (i.e., CO2 and
water) and EOR (CO2 and oil) processes. Sbai took into account more
physical phenomena than the previous models, as well as the presence
of salt as an extra component, although the influence of nanoparticles
on the carrier phase properties was not considered, which affects the
efficiency of the EOR process and mobility ratio. Nevertheless, this
model proved to be useful in designing fluids’ re-injection and pro-
duction schemes as well as to study particulate transport processes in
CO2 injection projects.

This simulator is based on a previous model, in which surfactant has
been replaced by nanoparticles. To the best of our understanding, there
is no commercial simulator in the literature including a specific module
of nanoparticles for EOR recovery processes. In addition, these simu-
lators do not include a polymer degradation module which allows to
calculate the physical properties of the aqueous phase as the polymer
chain-scission takes place and its molecules lose their viscosifying

efficiency. Considering the academic simulators described before, they
are based mainly on 1D models, which do not take account of areal
recovery efficiency, a key parameter in field operations. In addition,
these simulators were intended to primarily study the transport of na-
noparticles in porous media, without focusing on EOR recovery pro-
cesses. The two-dimensional simulators presented study EOR or CO2

storage methods, performing a detailed study of the retention of the
nanoparticles, without studying how they affected the phases properties
(i.e., rheology). Moreover, they do not include a formulation that al-
lows to modify the size of the particles as a function of time due to
aggregation phenomena (Anne-Archard et al., 2013; Berret et al., 2004;
Brunelli et al., 2013), nor they include the presence of another
sweeping agent for EOR (i.e., polymer). Finally, the expansion of the
model to three-dimensional fields may cause the system to lose nu-
merical efficiency since larger non-linear systems of equations must be
solved. This is the reason why this study is based on a two-dimensional
system and therefore it is recommended that a further expansion to a
three-dimensional field must be carried out, especially for the cases
when the vertical permeability cannot be neglected with respect to
horizontal ones. Hence, the computational cost is increased but the
results may not show a significant difference in comparison to two-
dimensional fields. The object of this study is the optimization in the
employment of existing agents or in the efficiency of new techniques for
EOR. Once the validity of these last ones is proved, the adaptation to 3D
models is straightforward.

1.2. Environmental effect of nanoparticles

Nanotechnology has showed during the last years to have a pro-
mising future in improving the economics in several disciplines, such as
transportation, agriculture, energy and health. The potential benefits of
nanotechnologies have been welcomed as far as health and environ-
mental aspects are concerned (for instance in water sanitation).
However, some concerns have been noted since the features that are
being exploited (such as high surface reactivity and ability to cross cell
membranes) might also have a negative impact on human health and
the surrounding environment, resulting in greater toxicity. Concerns
about possible long-term side effects associated with medical

Nomenclature

Ad Component Adsorption day[1/ ]
cr Rock Compressibility Pa[1/ ]
D̄ Dispersion Tensor
f Number of arms (polymer)
K Absolute Permeability mD[ ]
kr Relative Permeability
p Reservoir Pressure Pa[ ]
pwf Bottomhole Pressure Pa[ ]
q Flowrate m day[ / ]3

rw Well Radius m[ ]
S Phase Saturation
s Well Skin Factor
u Darcy Velocity m day[ / ]
v Nanoparticles Adsorption
V Volumetric Concentration
z Overall Concentration

Greek Letters

Domain Boundary
λ Phase Mobility
μ Absolute Viscosity Pa s[ ]
σ Interfacial Tension mN m[ / ]

ϕ Formation Porosity
Reservoir Domain

Superscripts

a Aqueous Phase
c Capillary
H Water-Oil System (no Chemical)
j Phase
n Time-Step
o oil Phase
r Residual

Subscripts

i Component
in Injection
m n, Spatial Grid Blocks
np Nanoparticle Component
p hydrocarbon Component
pol Polymer Component
s Salt Component
t Total
w Water Component
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applications and the biodegradability of nanomaterials have been ex-
pressed (Druetta et al., 2018).

During the last 15 years, many nanomaterials have moved into the
marketplace with direct and indirect effects in the society. Nonetheless,
up to this moment there are only minimal data on the nanomaterials
exposure effect on the human health and environment in a long-term
scale. Moreover, the results of some studies showed some concerns
about the effect of these nanomaterials. In addition, there exists little
information about the manufacturing, usage and disposal of the nano-
materials and any associated risks from the exposure to them.
Moreover, there are not still proper detection methods, measurement,
analyzing and tracing tools for nanomaterials. Regarding EOR pro-
cesses, there has been studies about nanoparticles being used as ad-
sorbent/catalysts for heavy oil recovery, which is a new and challen-
ging chemical process. However, there exist many challenges that
should be analyzed to understand and cover all the aspects of the na-
noparticles application. In these, it was reported that a percentage of
injected nanoparticles into the formation are deposited inside the
porous media, and will remain in-situ for many years, and so far no
study was performed on the long term environmental effect of these
nanocatalysts. On the other side, some portion of the injected nano-
particles is recovered with the upgraded oil. Thus, every aspect of the
utilization of the nanomaterial should be fully evaluated beforehand by
experimental and modeling analysis. Additionally, in the operational
side, the possibility of groundwater contamination by the nanocatalysts
should be considered as a potential operational failure risk. Desirable
sustainable nanocatalysts should present higher activity, higher se-
lectivity, efficient recovery as well as durability and recyclability in a
cost-effective process so as to decrease the impact on the environment.
Currently, there are groups working on developing and implementing
sustainable nanoparticles, which could have much less environmental
impact compared to the synthesized or commercially available nano-
particles (Druetta et al., 2018).

1.3. Aim of this work

The paper presents a new simulator for nanotechnology-boosted
chemical EOR processes, specifically combining these with a polymer
flooding. This renders a two-phase, five-component model which re-
presents the first numerical simulator of nanotechnology enhanced
chemical EOR process with polymers. Regarding the nanoparticles, the
simulator takes into account all the possible effects, such as aggrega-
tion, retention, rheology, and changes in permeability and porosity.
With respect to the polymer, it includes a novel relationship between
architecture and phase properties, focusing on the viscoelasticity and
rheology (Graessley et al., 1976; Berry, 1968, 1971; Graessley, 1977).
Furthermore, the influence between both components has been in-
cluded, which mainly affect the rheology and the diffusion coefficient
of the nanoparticles. Moreover, the aqueous phase viscosity formula-
tion takes into account the influence of all the components present in
the phase, which to the extend of our knowledge, is not considered in
previous commercial and academic simulators. This has led to a new
simulator which is able to assess the benefits of nanotechnology with
chemical EOR processes. The highly non-linear system of equations is
solved using a second order discretization scheme with a flux limiter
function in the mass transport equations so as to minimize numerical
diffusion and dispersion phenomena.

1.4. Physical model

The physical model is composed by a 2D domain ( ), representing
an oil field with determined physical properties, i.e., an absolute per-
meability tensor (K), the rock compressibility (cr), and the porosity field
(ϕ). The flow is considered isothermal and incompressible. Darcy's law
is valid and gravitational forces are negligible (Bidner and Savioli,
2002; Lake, 1989; Sheng, 2011). The combined nanoparticles-polymer
EOR flooding involves the flow of fluids in a two-phase (aqueous and
oil), multicomponent (water, salt, polymer, nanoparticles and

Fig. 1. Scheme of a nanoparticles flooding and wedge formation in oil drops (Adapted from: Wasan and Nikolov (Wasan and Nikolov, 2003; Nikolov et al., 2010)).
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hydrocarbon) system. These components may be mixtures of a number
of pure ones, since hydrocarbon is essentially a mixture of many hy-
drocarbons, and the water may contain dissolved minerals (other than
the salt itself), and the polymer is composed by a number of molecules
of different lengths and architectures (Sheng, 2011). The properties of
the polymer are determined by its average molecular weight, assuming
that all the molecules are identical, which means the polydispersity
index (PDI ) equal to unity. Moreover, in this simulator also the struc-
ture of the polymer plays an important role: linear or branched archi-
tectures affect the rheology of the aqueous phase. This is determined by
the molecular weights of backbone and arms, and the number of the
latter. The nanoparticles also affect the water phase and the rheology
and this is a function of the concentration and the size of the nano-
particles. With respect to the latter, aggregation mechanisms tend to
increment the average size of the particles, modifying its rheological
influence on the water phase. The way nanoparticles affect the recovery
process is based on the work developed by Wasan and Nikolov (Fig. 1).
(Wasan and Nikolov, 2003; Kondiparty et al., 2011; Wasan et al., 2011;
Nikolov et al., 2010)

The mathematical description of the system is represented by a
number of strongly non-linear partial differential equations com-
plemented by a set of algebraic relationships describing the physical
properties of fluids and rock, which are: aggregation of nanoparticles,
degradation of polymer molecules, interfacial tension, residual phase
saturations, relative permeabilities, rock wettability, phase viscosities,
capillary pressure, adsorption and retention of both polymer and na-
noparticles onto the formation, inaccessible pore volume (IAPV), dis-
proportionate permeability reduction (DPR), nanoparticles-polymer
interactions, and dispersion.

1.5. Mathematical model

The characteristics of chemical EOR methods, including nano-
technology transport in porous media, render a system in which the
phases’ properties depend on the concentration of the components,
which results in a strongly non-linear system and thus traditional re-
servoir approaches (e.g., black-oil) are not suitable. The compositional
flow, on the other hand, allows the simulation of a multiphase, multi-
component system in which the properties can be expressed as a
functions of the concentrations. This numerical model is based on a
previous one developed also to simulate chemical EOR flooding
(Druetta et al., 2017; Druetta and Picchioni, 2018), which was vali-
dated against an academic simulator (UTCHEM) in a series of 2D
flooding processes (Chen et al., 2006; Barrett et al., 1994; Kamalyar
et al., 2014). Therefore, the Darcy, mass conservation and aqueous
pressure equations yield,
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µ
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j
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2. Physical properties

The goal of this section is to present only the physical properties
modified by the presence of polymer and nanoparticles, focusing on the
rheological properties being modified by both agents as well as the
modification of the nanoparticles’ diffusion coefficient by the presence
of the polymer. Thus, the following phenomena are also considered
using models described in the literature: residual saturations, relative

permeabilities, interfacial tension, disproportionate permeability re-
duction (DPR), inaccessible pore volume (IAPV) and capillary pressure
(Druetta et al., 2017; Delshad et al., 2000).

2.1. Chemical component partition

Regarding the nanoparticles’ phase behavior, it is assumed a similar
concept to the partition coefficient used for surfactants. Depending on
their wettability, HLPN (hydrophobic and lipophilic polysilicon nano-
particles), NWPN (neutral wet polysilicon nanoparticles) or LHPN (li-
pophobic and hydrophilic polysilicon nanoparticles), the nanoparticles
will tend to be present in the oil, mixed or aqueous phase, respectively.
The phase partition analysis adopted is similar to the model employed
for surfactant, thus,

= =L
V
V

Solubilization Coefficient pnp
a p

a

np
a (4)

= =L V
V

Swelling Coefficient wnp
o w

o

np
o (5)

= =k
V
V

Partition Coefficient np
np
o

np
a (6)

For the purpose of this paper, it is considered that both hydrocarbon
and water remain in their respective phases ( = =L L( 0)pnp

a
wnp
o ).

Moreover, in the combined flooding it will be used only LHPN particles
(k 0np ). The other two phase behavior auxiliary relationships come
from the salt and polymer, which are assumed to be present only in the
aqueous phase ( = =V V 0s

o
pol
o ).

2.2. Aggregation of nanoparticles

There is extensive literature research and experiments showing that
nanoparticles in solutions may aggregate until they reach a critical size
and begin to sediment (Anne-Archard et al., 2013; Berret et al., 2004;
Brunelli et al., 2013; Pranami, 2009; Capco and Chen, 2014). The ag-
gregation of nanoparticles is the formation of clusters by particles, or
when small clusters aggregate to form a bigger ones due to the balance
of forces in the system explained, for example, by the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (Fig. 2). The gradual increase
in the size of these clusters can cause the sedimentation of the nano-
particles in the porous medium, separating them from the nanofluid,
which it is an undesired effect. On the other hand, clusters can also be
broken and generate smaller ones if the diameter or number of

Fig. 2. Forces at the molecular scale affecting the nanoparticles.
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nanoparticles in the same reaches a critical limit (Fig. 3). (Jiang et al.,
2010; Kang et al., 2012; Li, 2016; Markus et al., 2015; Markutsya, 2008;
Kohli, 2013)

This phenomenon is considered in the simulation with nano-
particles. It has been adopted, as in the case of the degradation of
polymer molecules, an exponential law to take into account the change
in the average diameter of the nanoparticles as a function of time and
their injection in the reservoir. This size is updated during the flooding
process so as to recalculate all the related parameters (see point 2.5). In
addition, based on the work of Jiang (Jiang et al., 2010), it is con-
sidered a maximum possible size of the cluster of nanoparticles, above
which it undergoes a splitting process in identical clusters of smaller
size, with the properties being calculated for this new average diameter.

=
dDia

dt
K Dianp

aggreg np (7)

2.3. Phase viscosities

The polymer is added to the aqueous phase to increase its viscosity
and thus improve the mobility ratio, avoiding the phenomenon of water
fingering (Sheng, 2011; Dake, 1978; Lake, 1989). Nanoparticles are also
used to increase the viscosity of nanofluids and several correlations
were presented over the years to calculate their viscosity. Since Ein-
stein's original work, which was used for low concentrations, studies
have been expanded to take into account other factors, among others:
the size and type of the nanoparticles, temperature and the character-
istics of the carrier fluid (Duan et al., 2011; Khandavalli and Rothstein,
2014; Meyer et al., 2016; Mishra et al., 2014; Saito et al., 2012; Jia-Fei
et al., 2009; Maghzi et al., 2013). A step-wise procedure was adopted in
the new simulator to calculate the viscosity of the aqueous phase. The
first step consists in calculating the phase viscosity considering only the
TDS. During this paper a modification to the classical approach was
introduced (e.g., UTCHEM (Delshad et al., 2000)), considering the de-
pendence on the salt in the pure water/brine viscosity (Pal, 1020;
Rudyak, 2013; Shakouri et al., 2017). The first step is to determine the
viscosity ratio between a linear polymer used as reference, and a
branched one with the same total molecular weight. There are several
correlations allowing determining this relationship based on the
number and molecular weight of the arms and backbone (Graessley
et al., 1976; Berry, 1967, 1971; Graessley, 1977; Phillies, 1987;
Shanbhag, 2012). Equation (8) is used in the simulator to calculate this
ratio,

=
+

+ + + +g
f

f f f f f1
(1 )

[1 2 (2 ) (3 2 ) ]viscosity 3
2 2 2 3

(8)

where f is the number of arms of the polymer and ρ is the relationship
between the molecular weights of the arms and backbone. (Teraoka,
2002) This relationship is calculated in each time-step since the simu-
lator has the possibility to choose different degradation rates for arms
and backbone, rendering this relationship as a time dependent function.
The number of arms depends on the polymer used for the EOR process
and in this study the polymers developed by Wever (Wever et al., 2013)
were used as example, who synthesized branched polymers up to a
maximum of 17 arms. Next, the viscosity of the aqueous phase at zero
shear-rate is calculated using a formulation based on the total mole-
cular weight.

= + + +{ [
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Finally, the influence of nanoparticles is considered in both phases,
which depends primarily on the type of particles used. There are several
proposed correlations to calculate the nanofluid relative viscosity. In
this simulator, since aggregation and retention phenomena are in-
volved, a formulation was used considering both the concentration and

nanoparticles’ size in the phase (Delshad et al., 2000; Litchfield and
Baird, 2006; Maurya and Mandal, 2016; Mikkola, 2012).

= + + + +[ ( ) ( ) ]µ µ e V e V1 2.5 6.2np cf
Dia d

np
a Dia d

np
a

1
/

2
/np w np w

2

(10)

where Vnp
a is the concentration of particles in the phase, Dianp is the

average size of the nanoparticles or clusters, dw is the diameter of the
carrier fluid molecules and 1,2 are correlation constants. It is note-
worthy that the present simulator does not incorporate the effects that
can be found with associating polymers and nanoparticles. (Zhu et al.,
2014; Choi et al., 2017; Saito et al., 2012) It is deemed that further
research on the topic should be carried out so as to be able to elaborate
mathematical models considering this interaction to calculate the
viscosity of semi-dilute polymer solutions with nanoparticles.

2.4. Diffusion of nanoparticles

The diffusion of the nanoparticles can significantly affect their
transport and how they alter the properties of the phases, which ulti-
mately changes the efficiency of the EOR process. In previous reported
numerical models, the influence of other molecules in the diffusion
process of the particles has not been taken into account and, in addi-
tion, the influence of the concentration of the particles in the mentioned
process was not taken into account (Sbai and Azaroual, 2011). In this
simulator it is considered this phenomenon when the particles are in the
aqueous phase, using the correlation developed by Phillies (1987),
whilst the diffusion factor of those present in the oil phase will only be
corrected based on their concentration. The starting point for the study
of this phenomenon is Brownian diffusion coefficient by the Stokes-
Einstein equation. The latter is valid for low concentrations, so the first
correction consists in adjusting the coefficient for higher concentra-
tions.

=D k T
µ Dia f3np

a B

cf np corr (11)

=f V(1 )corr np
a 6.55 (12)

This coefficient is then modified based on a correlation which takes
into account both the presence of the polymer and its properties (i.e.,
architecture, chemical formula, radius of gyration and molecular
weight). The radius of gyration of a molecule depends on its structure as
well as its chemical composition and molecular weight. Therefore, the
first step is to establish a methodology to calculate the polymer's radius
of gyration as a function of time in the flooding process (Omari et al.,
2009).

Fig. 3. Scheme of the aggregation mechanisms of nanoparticles and their
subsequent splitting.
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(13)

where brg is the bond or segment length and Mw mon, is the molecular
weight of the monomer. Similarly to what was done in the phase
viscosities' calculation (see Eq. (8)), the radius of gyration of the
branched polymer must be calculated based on the architecture of the
molecules. For this purpose, a relation similar to the previous one was
adopted, which is only function of the polymer's number of arms
(Fig. 4).

=g f
f

3 2
rg 2 (14)

Finally, the diffusion coefficient of the nanoparticles is calculated
using a step-wise function based on the size of the nanoparticles, their
radius of gyration and the overlapping concentration, based on the
analysis described by Flory (Kohli, 2013; Teraoka, 2002; Dong et al.,
2015; Kohli and Mukhopadhyay, 2012; xian Li et al., 2016; Metin,
2012).
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where pol is the density of the polymer, NAv is the Avogadro number,
and D and D are constants. The diffusion coefficient is then a function
of time since it depends on the molecular weight of the polymer, which
varies due to the degradation mechanisms.

2.5. Retention and adsorption

The adsorption process occurs when particles or polymer molecules
form onto the surface of the formation rock. This irreversible phe-
nomenon will cause a loss of the chemicals in the phases in the porous
media, making the whole process economically unfeasible in case of
high rates of adsorption. This is due to the fact that extra EOR agents
would be necessary and the interfacial properties will be decreased.
(Delshad et al., 2000).

Similarly to what happens in a combined EOR flooding (Sheng,
2011), a process of competitive adsorption is considered since the
polymer molecules cover part of the rock formation's surface, thus there
will be a smaller area for the adsorption of nanoparticles to take place.
The numerical formulation involves two factors, one affecting the
polymer's adsorption in case the nanoparticles are injected first, and the
second factor for the latter, if the polymer is injected in the first place.
In this paper only the phenomena of retention and adsorption of na-
noparticles is presented. Particle capture and release will also alter the
rock formation properties (i.e., porosity and permeability) provided the
size of the nanoparticle is larger or of the same order that the pore size
or if a large volume of particles accumulate (Metin, 2012; Ju and Fan,
2009, 2013; Taborda et al., 2017; Zhang et al., 2015). The net rate loss
of nanoparticles in the porous medium is quantified in Eq. (3) and it can
be expressed as follows (Sbai and Azaroual, 2011; Ju and Fan, 2009),

= + +Ad F v v v( )np SP 1 2 3 (18)

where v1 represents the volume of the nanoparticles in contact with the
phase j available on the pore surfaces per unit bulk of the porous
medium, v2 is the volume of the nanoparticles entrapped in the pores of
the phase j per unit bulk of porous medium due to plugging and

bridging, and v3 is the release rate of nanoparticles from pore walls by
colloidal forces, considering both the salinity of the system and the
possible charge of the nanoparticles. The last term represents an ex-
tension of the models previously reported and it is based on the work
developed by Sbai. (Sbai and Azaroual, 2011)The first term can be
expressed by a critical velocity for surface deposition. Below this value
only the phenomenon of retention of the particles in the porous for-
mation occurs, and above it a combination of effects of retention and
entrainment takes place. The model for expressing v1 is according to a
step-wise function (or Heaviside) based on the critical velocity.
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where 1 is the coefficient for surface retention of the nanoparticles in
the phase j in the rock formation, 2 is the coefficient for entrainment of
the nanoparticles in the phase j and vcrit is the critical velocity for the
phase j. The data necessary to calculate the critical velocity as a func-
tion of the nanoparticle size were obtained from Ju (Ju and Fan, 2009,
2013; Ju et al., 2006) (Fig. 5). This study considers spherical-shaped
particles and clusters but it is deemed that, in future models, the critical
velocity should be also expressed as a function of the shape as well. It is
worth mentioning on this term that retained particles on the rock for-
mation surface may desorb due to hydrodynamic forces and then be
subsequently adsorbed on different sites or entrapped at pore throats,
further in the reservoir.

= +u m day Dia nm[ / ] 0.00992736 [ ] 0.0009936crit
j

NP (20)

For the term v2 is used a formulation similar to the term of retention
in v1, and is expressed according to the following function,
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where 3 is the pore blocking constant in the phase j. Finally, the term v3
is calculated according to Sbai (Sbai and Azaroual, 2011) and it is a
function of the salinity (TDS) in the medium.

=< >v v C V
v

( )
0

n
n

sc s
a

3
4 1

3
0 (22)

where 4 is the constant rate of colloidally induced mobilization of in-
situ nanoparticles. Equation (22) means that colloidal release of parti-
cles from phase j is limited by the critical salinity Csc. This depends as

Fig. 4. Radius of gyration ratio grg as a function of the numbers of arms and the
molecular weight relationship.
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well on the type of nanoparticles and the mineralogy of the rock for-
mation.

One of the most important consequences of the mechanisms de-
scribed herein is the modification of the properties of the porous
medium. The nanoparticles sedimentation, adsorption and retention
(by blocking and bridging) in the channels and throats affect the
flowability and are one of main mechanisms of formation damage.
(Druetta et al., 2018) The model developed by Ju (Ju and Fan, 2009,
2013; Ju et al., 2006) was chosen in this simulator to quantify this
process. These mechanisms affect also the porosity of absolute perme-
ability of the rock formation and they are independent of the variations
by compressibility of the rock formation. The relative permeability
modification is then calculated estimating the area of the porous
medium covered by the nanoparticles. Thus, the modification can be
calculated by a linear interpolation between two values: with no na-
noparticles present, and when the entire surface in the medium is
completely covered by the nanoparticles, adsorbed or entrapped in the
rock formation and pore throats, reaching the maximum wettability
change.

3. Results and discussion

3.1. Introduction

The goal of this simulator is to determine the advantages of using
nanoparticles combined with a polymer EOR flooding, including a
discussion of the possible injection strategies. The latter comprises also
how the advantages of both polymer and nanoparticles can be em-
ployed in order to decrease the oil residual saturation, increasing the

Fig. 5. Critical velocity (left) and retention parameters (right) as a function of the particle size.

Table 1
General parameters used for the simulations.

Geometrical Data of the Reservoir
Length in axis

X
500 m Length in

axis Y
500 m Layer

thickness
5 m

nx 40/100
blocks

ny 40/100
blocks

Rock Properties
Porosity 0.25 kxx 200 mD kyy 200 mD
Initial Conditions
So 0.70 So

r (EOR) 0.35 =S Sa
rH

o
rH 0.15

Simulation Data
Total time 3,000

days
NP's inj.
time

100 days znpIN 0.2

Pol. inj.
time

100 days zpolIN 0.025

Physical Data of the Phases
µaH 1 cP µoH 10 cP Oil density 850 kg m/ 3

Water density 1,020
kg m/ 3

IFT 50 mN m/

Table 2
Physical data and operating conditions of the wells.

Physical Data
Number of wells 2 Well radius 0.25 m Skin

factor
0

Operating Conditions
Total flowrate 223 m day/3 Bottomhole

pressure
55,160 kPa

Table 3
Auxiliary parameters.

Interfacial Tension Capillary Pressure IAPV

G1 −1.7 G2 −0.02 C 0 n 1 IAPV 0.05

Viscosity Residual Saturation Relative Permeabilities

1 13.43 1/2 0/0/1 To
1 −0.25 Ta

1 −0.50 kr
oH 1 kr

aH 0.2

2 38.33 dw 3 × 10−10 m To
2 1.57 Ta

2 −0.70 eoH 1.5 eaH 1.5

DPR Diffusion EOR Agents

Rk cut, 10 br k, 100 D 0.89 pol 1300 kg m/ 3 Dnp 5 nm KAGG 5 × 10−4 1/day
cr k, 4.11 D 1.63 brg 0.16 × 10−9 farms 16 Mw pol, 5 × 106 Da
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lifetime and production of existing mature fields. To the best of our
knowledge, there are no combined flooding processes presented in the
literature where the use of nanotechnology is introduced in order to
enhance standard EOR processes.

3.1.1. Data
The simulation conditions and physical properties are established

aimed at emulating an existing oil field apt for an EOR process with
polymers and nanoparticles after a primary recovery (Tables 1–3). The
rock is originally oil-wet, since one of the goals is to study the effect of
LHPN particles in the rock's wettability. Furthermore, the grid has two
possible configurations in order to study the simulator's behavior with
large sparse block-triangular matrices (Druetta and Picchioni, 2019).

3.2. Polymer flooding enhanced by nanoparticles

The use of combined chemicals in a single EOR technique has been
widely used and known for 20 years. Later on, these techniques were
combined making use of the possible advantages and synergies of using
chemicals together. The simulations, tests and field-scale applications
evidenced that, when chemicals injected were separated by higher
temporal gaps, the system tended to operate as two separate processes
(Sheng, 2011). Polymers are mainly based on increasing the viscosity of
the aqueous phase, decreasing the mobility ratio from a rheological
point of view (Lake, 1989). Nanoparticles, on the other hand, though
increase the viscosity of the carrying phase, enhance the recovery ef-
ficiency by decreasing the interfacial tension as well as by altering the
wettability of the rock formation. Therefore, a combined use of nano-
particles with polymers can result in a new EOR technique with

Table 4
Results of the recovery process for different combined flooding schemes indicating the injection scheme.

Case Oil recovered Case Oil recovered

days m3 %OOIP days m3 %OOIP

Pol.+NP (0–100/500-600) 66,340 35.4 NP + Pol. (0–400/300-400) 76,310 40.7
Pol.+NP (0–100/250-350) 67,730 36.1 Pol.+NP (0–100/100-200) 71,040 37.9
NP + Pol. (0–100/500-600) 60,590 32.3 Pol.+NP (0–100/50-150) 71,840 38.3
NP + Pol. (0–100/250-350) 69,980 37.3 NP + Pol. (0–400/150-250) 81,620 43.5
NP + Pol. (0–200/250-350) 73,410 39.2 NP + Pol. (0–400/50-150) 83,190 44.4

Fig. 6. Oil recovery, fractional flow (top left), flowrates for the optimum case (top right), and pressure drop (bottom) as a function of time for different combined EOR
flooding schemes.
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promising results. This concept of combining nanotechnology with
different EOR methods has already been reported and results indicate
that a whole new range of techniques can be developed using the ad-
vantages of nanoparticles (Onyekonwu and Ogolo, 2010).

The goal in this paper is tu study this new EOR method, so it is vital

to understand how both products interact with the porous medium as
well as with each other, i.e., their synergy. In the case of nanoparticles
with the polymer something similar to the surfactant-polymer interac-
tion (SPI) takes place. The most important property affected by both is
viscosity: both nanoparticles and polymer increase the latter. For this

Fig. 7. Oil saturation after 500 days for the nanoparticles and polymer flooding (0–400/300-400 days) scheme.

Fig. 8. Oil saturation after 3,000 days for the nanoparticles and polymer flooding (0–100/500-600 days - left) and nanoparticles and polymer flooding (0–400/50-
150 days - right) schemes.

Fig. 9. Interfacial tension [mN/m] after 1,000 days for the nanoparticles and polymer flooding (0–400/300-400 days - left) and aqueous phase viscosity after 500
days for the polymer and nanoparticles flooding (0–100/50-150 days - right) schemes.
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simulator a sequential strategy was chosen to calculate the contribution
of both chemical species to the viscosity of the water-phase.
Nonetheless, in the particular case of associative polymers, the influ-
ence of these together with nanoparticles may cause an initial increase
of the viscosity and then, when passing a critical nanoparticle con-
centration, register a decrease (Choi et al., 2017; Saito et al., 2012; Zhu
et al., 2014). In the simulator the viscosity is directly proportional to
both concentrations. Future developments of polymer/nanoparticles
simulators should consider the special influence of associative polymer
when modeling the rheology behavior.

The other two properties affected are the nanoparticles’ diffusion
coefficient and the adsorption onto the rock formation. The diffusion
coefficient calculation starts from the basis of the Einstein-Stokes
equation for spherical particles, which is currently used in nano-
particles simulators (Sbai and Azaroual, 2011; El-Amin et al., 2015; Ju
and Fan, 2009). However, there is a correction for this formula con-
sidering the concentration of the particles (Eq. (12)). Together with this
factor it was also considered the influence of the polymer on the solu-
tion concerning the diffusion coefficient of the particles. According to
the geometry of the polymer molecules the latter is affected (Omari
et al., 2009; Dong et al., 2015; Kohli and Mukhopadhyay, 2012; xian Li
et al., 2016). In order to take this into account it is necessary to cal-
culate the radius of gyration of the polymer molecules, according to the

formulation presented in this paper (Eqs. (13)–(17)). In the case of
adsorption the species injected first are adsorbed onto the porous
medium, limiting the surface of available rock for future adsorption
processes of the subsequent EOR agents. This was considered including
a factor that takes into account this competitive adsorption process in
the Langmuir isotherms.

The simulation technique comprise several scenarios. First, a con-
stant permeability field was used to compare different injection
schemes of nanoparticles and polymers, which can be divided into:
polymer and nanoparticles (separated/overlapped) and vice versa. In
this case, it is evident that the first-injection of the nanoparticles has a
beneficial effect in several senses, namely: it decreases the amount of
polymer adsorbed by the rock, maintaining the mobility factor in rea-
sonable values as well as modifying the wettability of the rock, in-
creasing hereby the recovery efficiency. The initial slight decrease in
the viscosity of the nanofluid is compensated later with the polymer
injection. The operating conditions and physical properties of the
phases involved are maintained from the previous section. Table 4 and
Fig. 6 present the results of the simulations under different injection
schemes.

When the time difference between chemical injection periods in-
creases, the process tends to become as two EOR chemical flooding
processes, without considering their synergy, except in the adsorption

Fig. 10. Relative permeability alteration factors of the aqueous (left) and oil (right) phases after 3,000 days for the nanoparticles and polymer flooding (0–400/50-
150 days) scheme.

Fig. 11. Combined chemical concentrations after 750 days for the nanoparticles and polymer flooding (0–400/300-400 days - left) and after 1,000 days for the
polymer and nanoparticles flooding (0–100/500-600 days - right) schemes.
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mechanisms. While all results evidence an improvement over the re-
ference case, the best results were obtained when the chemicals were
injected with an overlap, or even simultaneously (Figs. 7 and 8). Fol-
lowing the optimization process, several injection schemes were simu-
lated in order to find an optimal result, in terms of injected chemical
and oil recovered. Taking this into account, the best result was obtained
when the nanoparticles were first injected, as discussed in the previous
paragraph, but using a different injection and concentration strategies
than in previous cases.

Nanoparticles do not act primarily as a viscosifying agent but as a
means to alter wettability and reduce the interfacial tension (Figs. 9 and
10). If a slug of nanoparticles is injected for a longer time with a lower
concentration, the wettability change is achieved before the polymer is
injected (Fig. 10). When the latter begins to sweep the residual oil, it is
in a medium with a lower interfacial energy and wettability suitable for
the oil phase displacement. This, coupled with the viscosity of the
polymer/nanofluid solution, achieves very low mobility ratios in the
injection zone which then extend to the entire oil field (Figs. 10 and
11).

Two different combined chemical concentration patterns are

presented in Fig. 11. Comparing the residual oil saturations between the
overlapped injection models, it becomes evident that, when the
polymer was injected first, the loss of viscosity due to adsorption was
greater. This, along with the interfacial properties, caused higher re-
sidual saturations than in the inverse case. In addition, when the
polymer was injected in the first order, the injection scheme of the
nanoparticles was modified back to the original one. Due to the fact that
nanoparticles are now in the last slug, the interfacial properties to-
gether with the rheology should be the best possible in order to achieve
the best oil displacement after the polymer slug. Nevertheless, the
viscosifying capabilities of the nanoparticles cannot achieve residual oil
saturations values similar to those with the polymer, decreasing the
recovery efficiency. The influence of the competitive adsorption also
plays an important role in this new combined process, so its behavior in
laboratory tests should also be the object of future research.

The last part of the simulations consists of repeating the injection
schemes in a porous medium with a random permeability field in order
to verify the results and trends. Two porous media were designed with
different random permeability fields: the first one using the same spa-
tial grid as before, and the second is a field of the same physical di-
mensions but with a refined mesh aimed at testing as well the com-
putational capacity of the simulator (Fig. 12).

The injection schemes are those from previous cases, adding an
extra case for overlapped injection considering the presence of the salt
as a fifth component, which allowed studying its influence on the re-
covery process, especially with respect to the adsorption. Results for the
non-refined mesh are shown in Table 5 and Figs. 13–15. The behavior
observed was similar to those obtained previously. The addition of salt
in the model caused a slight reduction of the oil recovered due to
greater adsorption rates of the chemical species, which depend on the
TDS.

The oil saturation profiles presented in Fig. 14 depict how different

Fig. 12. Absolute permeability fields in the X (left) and Y (right) directions for two oil fields, using a different spatial grid, expressed in mD.

Table 5
Results of the recovery process for different combined polymer and nano-
particles flooding in a random permeability medium.

Case (injection scheme) Oil recovered Remarks

days m3 %OOIP –

Pol.+NP (0–100/500-600) 53,060 28.3 –
Pol.+NP (0–100/50-150) 56,110 29.9 –
NP + Pol. (0–100/500-600) 49,330 26.3 –
NP + Pol. (0–400/50-150) 68,220 36.4 –
NP + Pol. (0–400/50-150) 65,390 34.9 Salt as 5th component
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Fig. 13. Oil recovery, fractional flow (top left), flowrates for the five-component case (top right), and pressure drop (bottom) as a function of time for different
combined cases in a random medium.

Fig. 14. Oil saturation profiles after 500 (left), 1,000 (middle) and 3,000 (right) days for a polymer and nanoparticles (0–100/500-600 days) process (top) and the
nanoparticles and polymer case with salt as the 5th component (bottom).
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injection schemes can affect the recovery efficiency. In the case with
salt present (Fig. 14 - bottom), even though the latter increased the
adsorption rates, decreasing the oil recovered, the final recovery factor
is significantly higher than when chemicals were injected separately
(Fig. 14 - top). The adsorption rates of two dissimilar models with
different injection orders were also studied (Fig. 15). When both che-
mical were injected at the same time (Fig. 15 - left), the nanoparticles
adsorption was noticeable higher. On the other hand, when the polymer
was injected first acted as sacrificing agent, reducing considerably de
adsorption rate (Fig. 15 - middle and right).

Finally, the refined mesh is used to simulate the most relevant
schemes presented so far. The objective of these simulations is to test
the simulator with large and sparse matrices in order to assess its effi-
ciency in solving these systems. The injection schemes tested are the
reference cases (i.e., waterflooding and linear polymer) and two over-
lapped chemical EOR flooding processes enhanced by means of the
nanotechnology. The results are presented in Table 6 and Figs. 16–22.

Figs. 17 and 18 present the oil saturation profile at different stages

of two EOR processes and at the end of the simulation for the cases
depicted in Fig. 16, respectively. The waterflooding used as reference
did not achieve in the area nearby the injection well a residual oil sa-
turation similar to those achieved by the EOR techniques. Moreover,
the fingering is still noticeable at the end of the simulation (Fig. 18 -
left) whilst in the other two cases, reference polymer and NPs and
polymer, the lower mobility ratio decreased the presence of fingers
(Fig. 18 - middle and right).

The presence of both chemicals altered the properties of the porous
medium, as depicted in Figs. 19 and 20. The polymer affected the
permeability of the water-phase due to the already discussed DPR,
which is related as well to its adsorption onto the rock formation
(Fig. 19). On the other hand, the nanoparticles alter the wettability of
the medium due to the adsorption, modifying as well the porosity and
the absolute permeability (Fig. 20). These processes affect the pressure
field, increasing the pressure drop between injector and producer when
compared to waterflooding (Fig. 21).

The interfacial energy is affected by the nanoparticle slug as it
displaces the oil from the injector to the producer (Fig. 22), which in-
creases the capillary and thus decreases the residual oil saturation. This
is swept by the polymer slug coming after the nanoparticles. As con-
clusion of these simulations, the synergy between polymers and nano-
particles presents great potential to develop a new technique in che-
mical EOR. The possibility of using the advantages of both products
rendered an increase in the recovery factor up to 20.11% and 11.03% of
the OOIP with respect to the reference cases, water- and linear polymer
flooding, respectively. Thus, it is recommended that the injection of the
chemical species be done simultaneously or overlapped, with the na-
noparticles first in order to achieve a modification of the wettability (in
the case of oil-wet rocks) so that the polymer can later sweep the re-
maining oil taking advantage of its viscosifying and viscoelastic prop-
erties as well as the improved interfacial ones caused by the presence of
nanoparticles.

The last part of this paper consists in a sensitivity analysis of the
main parameters involved in the proposed combined EOR process with
nanoparticles. It is evident from Tables 1–3 that a complete sensitivity
analysis of all the factors involved in a chemical EOR recovery would
involve a significant number of simulations, carrying out either a one-
factor-at-a-time (OFAT) analysis or by means of several dimensionless
groups. Since the goal in this study is to present this new technique and
analyze the advantages of the combined use of polymers with nano-
particles, the scope of the sensitivity analysis will be limited to the
injection parameters, i.e., the injection times and the EOR agents'
concentrations. Thus, the first analysis, presented in Table 7, deals with
the influence of the difference between the EOR agents’ injection times.

The difference in the injection time has a notorious influence in the
recovery efficiency. As this time gap is increased, the whole process
tends to behave as two EOR methods acting separately in the oilfield,
and thus the combined efficiency of the products is not exploited. As
mentioned in the literature for different recovery techniques, the

Fig. 15. Nanoparticles adsorbed for the polymer and nanoparticles overlapped process (0–100/50-150 days - left), and adsorbed polymer (middle) and nanoparticles
(right) for the separated injection scheme (0–100/500-600 days).

Table 6
Results of the recovery process for different combined flooding schemes and the
reference cases in the refined mesh.

Case Oil recovered Case Oil recovered

days m3 %OOIP days m3 %OOIP

Reference
Waterflooding

46,350 24.7 Pol.+NP (0–100/
50-150)

79,700 42.5

Reference Polymer 63,370 33.8 NP + Pol.
(0–400/50-150)

84,050 44.8

Fig. 16. Oil recovery and fractional flow as a function of time for the reference
cases and the nanoparticles and polymer scheme in the refined mesh.
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difference between the injection times must be as short as possible in
order to take advantage of the synergy between the EOR products. This
is more evident in the cases when the nanoparticles are injected first,
since their adsorption onto the rock matrix produces the wettability
modification, altering the relative permeabilities and thus increasing
the effectiveness of the subsequent polymer flooding. With respect to
random permeability field, it is noted in Table 5 that the time difference
in the injection also affects the recovery efficiency, although to a lesser
extent. This is due to the fact that the permeability field hinders the

performance of EOR agents, which is a well-known phenomenon in oil
recovery processes, in both separated and overlapped flooding schemes.

The second part of this analysis presents the influence of the in-
jection time/concentration of the nanoparticles. The different cases
presented in this paper considered the same total amount of nano-
particles injected into the system, varying the period and thus its con-
centration (Table 8).

The nanoparticles’ injection period also shows an influence on the
recovery efficiency, of the same order as the one presented in Table 7.

Fig. 17. Oil saturation after 250 (left), 500 (middle left), 750 (middle right) and 1,000 days (right) of simulation for the linear polymer (top) and the nanoparticle and
polymer (bottom) EOR flooding processes.

Fig. 18. Oil saturation after 3,000 days for the waterflooding (left), linear polymer (middle) and the nanoparticle and polymer (right) EOR flooding schemes.

Fig. 19. DPR factor after 3,000 days for the nanoparticles and polymer flooding case.
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Even though higher concentrations increase the water viscosity, the
influence of the nanoparticles on the rheological properties is not sig-
nificant and therefore, the recovery efficiency is not largely affected. As
mentioned before, the major role of the nanoparticles in EOR processes
is the rock wettability modification, increasing the oil mobility. The
extension of the wettability alteration in the oilfield depends on the
injection parameters, affecting the efficiency of the process. Moreover,
by increasing the injection time, the gap between EOR agents is reduced
and the process exploits to a greater extent the synergy between
polymer and nanoparticles.

4. Conclusions

This paper aimed at introducing a new combined recovery process
in EOR, using the nanotechnology to boost a traditional chemical
flooding with polymers. Thus, a mathematical model was developed for
a 2D domain, with two-phases and five-components. This model con-
siders as well the interaction between the chemical species present in
the reservoir, which has a notorious effect in the nanoparticles diffusion
coefficient and in the adsorption. In this last case, this interaction was
modeled similarly as the well-known surfactant-polymer interactions
(SPI). The physical model was described by a system of non-linear
differential equations, which are solved by the finite difference method,
elaborating an algorithm which was implemented in MATLAB™. The
discretization of the differential equations was made using a second-
order stencil with flux limiters, which decrease the influence of nu-
merical diffusion and dispersion, achieving a better front-tracking of
the chemical slugs. The simulations were aimed at understanding how
the polymers’ architecture affect the recovery factor, the advantages of
using nanoparticles in EOR processes, and finally study the synergy of
using a novel combined method with polymers and nanoparticles. This

included an analysis of the efficiency under different injection schemes
and the reasons of the mechanisms leading to the highest recovery
factor.

The combined simulation of nanoparticles and polymer permitted
identifying the synergies and advantages of using both products to-
gether, which, to our best knowledge, had not been previously re-
ported. The ability of the particles to alter the wettability of the rock as
well as to reduce the interfacial energy allows the polymer slug to
sweep the oil bank more easily. The phenomenon of competitive ad-
sorption works in this case as an advantage for the proposed method,
provided the nanoparticles are injected in the first place: the latter
change the porous medium wettability to water-wet or strongly water-
wet, while the viscosifying properties are not significantly affected
because the polymer is the main actor in this aspect. Nonetheless, there
are certain points requiring further analysis, namely: the viscosity
model in case of the presence of nanoparticles with associative poly-
mers, an improved adsorption model in case of HLPN particles, a new
model for the interfacial tension in the presence of nanoparticles and
polymers, and further research in the case of nanoparticles with poly-
meric surfactants.

All things considered, nanotechnology-enhanced polymer flooding
could represent a novel and improved technique in chemical EOR
process, considering the advantages and the synergy of both products
working together. The next step is to proceed with laboratory trials in
order to verify the feasibility of the proposed method. This can be
coupled with the recently developed “green” polymers, hydro-
phobically modified polymers and polymeric surfactants.
Nanotechnology represents a breakthrough in EOR processes and it is a
perfect example of how already well-developed techniques can be en-
hanced by using the advantages at the nanoscale.

Fig. 20. Factors affecting the relative permeabilities of the oil (left), aqueous (middle) phases and porosity (right) in the nanoparticles and polymer flooding case.

Fig. 21. Pressure field after 3,000 days for the linear polymer flooding scheme.
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