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Abstract: The traditional Enhanced Oil Recovery (EOR) processes allow improving the performance
of mature oilfields after waterflooding projects. Chemical EOR processes modify different physical
properties of the fluids and/or the rock in order to mobilize the oil that remains trapped.
Furthermore, combined processes have been proposed to improve the performance, using the
properties and synergy of the chemical agents. This paper presents a novel simulator developed
for a combined surfactant/polymer flooding in EOR processes. It studies the flow of a two-phase,
five-component system (aqueous and organic phases with water, petroleum, surfactant, polymer and
salt) in porous media. Polymer and surfactant together affect each other’s interfacial and rheological
properties as well as the adsorption rates. This is known in the industry as Surfactant-Polymer
Interaction (SPI). The simulations showed that optimum results occur when both chemical agents are
injected overlapped, with the polymer in the first place. This procedure decreases the surfactant’s
adsorption rates, rendering higher recovery factors. The presence of the salt as fifth component
slightly modifies the adsorption rates of both polymer and surfactant, but its influence on the phase
behavior allows increasing the surfactant’s sweep efficiency.
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1. Introduction

Since the last half-century the world economy has been facing a problem regarding its energy
demands. The trend has been to develop new sources, sustainable and “greener”, in order to replace
fossil hydrocarbons. Nevertheless, the current technologies make it actually impossible for these to
replace the oil, gas, wood and/or coal derivate sources. Based on this, the possibilities are reduced to
either find new fossil energy resources, or extending the lifetime and/or performance of the already
mature oilfields, which are close to their economic limit of exploitation. The objective of EOR processes
is to increase the latter by means of the developing of novel chemical species aimed at modifying the
physical properties of the formation and/or the fluids trapped in it [1–3]. With respect to chemical
EOR processes, the combination of two or more agents which complement each other in the recovery
mechanisms may render a novel, improved technique. One of the most common combined processes
is the surfactant-polymer flooding, which is the objective of this paper. This includes their synergy as
well as interactions in the porous medium, known as Surfactant-Polymer Interaction (SPI) [2–6].

Polymer-Surfactant Flooding and Interaction

Different authors have reported about the SPI and the effects of salt on these interactions.
Khan [7] presented the study of the interaction between water-soluble polymers (polyacrylamide and
commercial grade partially hydrolyzed polyacrylamide) and anionic surfactants (sodium dodecyl
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sulfate and sodium dodecyl benzene sulfonate). He has also investigated the influence of alkali (NaOH)
and salts (Na2CO3, NaCl) on the SPI. The IFT in the presence of the polymer increases (Figure 1) in
both two-phase emulsion, Type II(−) (oil-in-water) and Type II(+) (water-in-oil). This is due to the
interaction of the polymer molecules with those of surfactant, which reduces the concentration of the
latter in the interface, increasing the interfacial tension (IFT). This increase may be counterbalanced
with the addition of alkali or salts. Similar results were found by Ye [8] when studying the
interaction of hydrophobically associating polyacrylamide and dodecyl dimethyl betaine (zwitterionic),
observing that the air-water surface tension and oil-water IFT are reduced by the polymer presence
due to the fact that the latter forms a network in the aqueous solution with the surfactant.

Figure 1. Polymer—Surfactant interactions and their effect on the IFT (Adapted from Druetta [9]).

However, the presence of the polymer in a solution with surfactants could be beneficial in terms
of the reduction of the IFT, provided that some requirements are met, which was reported by Wu [10]
and Bao-dong Ma [11]. For anionic surfactants there exist vacancies between surfactant molecules at
the interface due to electrostatic interaction. When the polymer concentration is lowered, its molecules
enter these vacancies and form a compact mixed-adsorption layer with the surfactant, influencing the
interfacial molecular arrangement and therefore reducing the IFT. As the polymer concentration
increases, the surfactant molecules may decrease due to the insertion phenomenon mentioned, thus the
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IFT increases. When surfactant molecules interact with hydrophobically associating polyacrylamides,
their hydrophobic blocks form mixed micelle-like associations with the former, inducing an increase of
the IFT [11–13].

With respect to the numerical simulation of chemical EOR processes, it is well-known that the
compositional approach is the most suitable system to model a multi-phase and -component flooding.
The former has been used in order to represent CEOR techniques due to its versatility to model a certain
number of components and phases, and accurately represent the properties of the latter as a function
of the concentrations of the former [14–22]. Several authors have proposed previously the numerical
simulation of combined chemical species in EOR processes. Jin [23] developed one of the most
complete academic simulators for SP flooding, considering a 2D mathematical model for a three-phase,
six-component system. The model takes into account phenomena such as the effect of SPI on the
viscosity, IFT and adsorption. One of his main conclusions is that the SPI effects should be considered
so as to match field data with the mathematical model. However, the model developed contemplates
the phenomenon of degradation only in viscosity, following an exponential model. It is known
however that the degradation is caused by the scission of the polymer molecules, so that the molecular
weight is affected, and indirectly the viscosity [24]. By not taking the degradation into account
in molecular weight, all other related properties (i.e., relaxation time, viscoelasticity and residual
oil saturation) will be unaffected by this phenomenon. Yuan [19] used an implicit, parallel-based
in-house simulator to study SP flooding process, considering a shear-thinning and -thickening rheology
model for the polymer, although the degradation mechanisms are not considered. The model can
deal with all the two- and three-phase emulsion types based on the salinity. Nevertheless, it did
not consider any synergy between polymer and surfactant in the IFT or a competitive process in
the rock adsorption. Besides the SP flooding studied during this paper, numerous investigations
have been published on combined chemical EOR techniques similar to SP flooding. These include
the injection of an alkaline solution prior to the polymer and surfactant, which is known as ASP
flooding. The advantages and synergies of the three chemical components have already been described
previously. Numerous laboratory tests, simulations and field data have proven that ASP flooding is
one of the most efficient techniques for the recovery of medium and low viscosity oils mainly, although
this technique can be effectively used for high viscosity oil fields as well. Several simulations have been
reported for ASP processes using both academic and commercial software (e.g., CMG-STARS, Eclipse,
UTCHEM) considering, among others: the polymer degradation, pore reduction due to adsorption
processes, and ion exchange mechanisms [15–17,25–27].

2. Aim of This Work

Based on the process description and the literature review, a new simulator for a two-dimensional
oilfield is proposed and developed in order to simulate the flow of a two-phase, five-component
system. The presence of both surfactant and polymer affects the phase behavior and rheology of
the system. The influence of the surfactant is considered adopting a ternary diagram, as published
previously [28,29], while the polymer is taken into account in the viscoelastic properties and it includes
the influence of the degradation mechanisms in the macromolecules [30,31]. The presence of the
salt as fifth component affects the chemical species properties, which is represented as a function
dependent on the total dissolved solids (TDS), assumed to be present only in the aqueous phase.
Moreover, the Surfactant-Polymer Interaction (SPI) is also considered when modeling the species’
effects on the physical properties (IFT and adsorption). All in all, it is considered necessary the
investigation and proposal of new mathematical models able to perform the modeling of the chemicals’
phase behavior and the polymer degradation as well as a sufficiently robust and accurate numerical
discretization in order to decrease the occurrence of instabilities. The objective in this paper is to
perform a study of a novel combined SP flooding simulator, focusing on the SPI effects and the
presence of the salt, and how they modify the sweep efficiency [32]. This new model considers five
components (water, petroleum, polymer, surfactant, and salt). A simplified ternary phase diagram is
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employed in order to determine the value of the concentration ratios which are necessary to solve the
equations of the compositional model. From a numerical point of view, the model employs a second
order discretization scheme with a TVD flux limiter to minimize numerical diffusion and dispersion
phenomena. Moreover, the aqueous phase viscosity formulation takes into account the influence of all
five components, from the TDS in the aqueous phase, to the surfactant contribution in both phases
and finally, the influence of the polymer’s architecture and molecular weight in the aqueous viscosity.
This, to our best knowledge, is not considered in previous commercial and academic simulators.

3. Model Description

3.1. Physical Model

To model a SP flooding, a 2D physical model is used, based on geometric patterns which are
usually found in the oil industry. The five-spot scheme satisfies the requirement for this research. It is
represented by a square domain, with an injection well placed at the center, and four producing points
located at the corners (Figure 2). During this analysis, a simplification of the model was used, known
as quarter five-spot.

Figure 2. Schematic representation of the quarter 5-spot used for the EOR simulations (Reproduced
with permission from Druetta [28], Elsevier, 2017).

The physical model is represented then by a 2D reservoir (Ω) with an absolute permeability tensor
(K), a porosity field (φ) and a formation compressibility (cr), which can be represented as constant or
using statistic distribution functions. Moreover, the flow is considered isothermal, Newtonian for the
organic phase, incompressible. Since a continuum approach is used to represent the model, the Darcy’s
law is valid [33].

3.2. Mathematical Model

The numerical model comprises a system highly non-linear partial differential equations,
complemented with several relationships which describe the properties of the system, namely: IFT,
residual saturations, component partitioning, relative permeabilities, viscosities, rock wettability,
inaccessible pore volume (IAPV), adsorption of both polymer and surfactant onto the formation,
disproportionate permeability reduction (DPR), polymer degradation, surfactant-polymer interactions
(SPI), and dispersion. The scheme used for the solution of this system is the IMPEC (IMplicit
in Pressure, Explicit in Concentration) method. The discretization of the differential equations is
done using a fully second-order stencil, complemented with Total Variation Diminishing (TVD)
flux-limiting functions [34–37]. With respect to the validation, this simulator is an improvement
of an algorithm previously published for surfactant flooding [28], validated against academic and
commercial simulators using different recovery schemes. Thus, it is considered for this purpose that



Energies 2020, 13, 6520 5 of 23

the validation was already done and reported [34,38,39]. The equations describing the fluid flow and
mass transport in porous media using the Darcy approach are,

~uj = −K · kj
r
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These equations render a system parabolic PDE’s, which are discretized using a finite difference
method. The terms containing pressures (Equation (5)) are solved implicitly using a centered-scheme
improved with a second-order Taylor approximation in the time derivatives. The Darcy velocities are
solved explicitly using the same stencil. Thus, Equations (1) and (4) are discretized as,
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where m, n are the cells in the numerical domain (x, y) = (m · ∆x, n · ∆y), respectively, and < n > is
the time-step (time =< n > ·∆t) and [k], ∀k ∈ N+, is the iteration number within each temporal step.
The mass conservation equation is discretized using also a second-order approach. Equation (4) is the
typical advection-diffusion PDE used to study the mass transport in several media. The advective
terms are of hyperbolic nature, and it is known that first-order numerical schemes provoke artificial
diffusion in the solution [28]. To decrease the effects of the truncation error, a fully second-order
scheme is used, based on TVD flux limiters. This allows for a proper tracking of the chemical
front wave and reduce the occurrence of spurious oscillations. The diffusive terms are discretized
using a centered second order scheme. Moreover, a relationship is required to relate the gradient
of the volumetric concentrations and these limiting functions, which depends on the ratio of the
concentrations’ consecutive gradients in the numerical mesh

(
rx,i =

(
V j,[k]

i,m,n −V j,[k]
i,m−1,n

)
/
(

V j,[k]
i,m+1,n −V j,[k]

i,m,n

))
.

Hence the numerical mass conservation equation is,

C1
∆t z<n+1>

i = C2z<n>
i + C3

∆x ·∑j Fj,<n+1>,[k+1]
LIM,x

(
uj,[k+1]

x,m,n ·V
j,[k]
i,m,n − uj,[k+1]

x,m−1,n ·V
j,[k]
i,m−1,n

)<n+1>
+ ...

+ C3
∆y ·∑j Fj,<n+1>,[k+1]

LIM,y

(
uj,[k+1]

y,m,n ·V
j,[k]
i,m,n − uj,[k+1]

y,m,n−1 ·V
j,[k]
i,m,n−1

)<n+1>
+ ...

+ 1
∆x2 ·∑j

[(
Sjφdmj

i

)
m+1/2,n

·
(

V j
i,m+1,n −V j

i,m,n

)
−
(

Sjφdmj
i

)
m−1/2,n

·
(

V j
i,m,n −V j

i,m−1,n

)]<n+1>,[k]
+ ...

+ 1
∆y2 ·∑j

[(
Sjφdmj

i

)
m,n+1/2

·
(

V j
i,m,n+1 −V j

i,m,n

)
−
(

Sjφdmj
i

)
m,n−1/2

·
(

V j
i,m,n −V j

i,m,n−1

)]<n+1>,[k]
− ...

− 1
∆t

(
φ + ∆t ∂φ

∂t

)<n+1>,[k+1]

m,n
·
(

Ad<n+1>
i − Ad<n>

i

)[k]
m,n
− Ad<n+1>,[k]

i,m,n
∆t ·

(
φ<n+1> − φ<n>)[k]

m,n + ...

+q<n+1>,[k+1]
i,m,n + ∑j

uj,[k+1]
x,m,n ∆t

2φ
<n+1>,[k+1]
m,n

·
(

∂Ad
∂x

∂φ
∂t + Ad ∂2φ

∂t∂x + ∂φ
∂x

∂Ad
∂t

)<n+1>,[k]

i,m,n
+ ...

+∑j
uj,[k+1]

y,m,n ∆t

2φ
<n+1>,[k+1]
m,n

·
(

∂Ad
∂y

∂φ
∂t + Ad ∂2φ

∂t∂y + ∂φ
∂y

∂Ad
∂t

)<n+1>,[k]

i,m,n
− ...

−∑j

(
uj,[k+1]

x,m,n ∆t
2

∂2 Ad
∂t∂x +

uj,[k+1]
y,m,n ∆t

2
∂2 Ad
∂t∂y

)<n+1>,[k]

i,m,n
+ ...

+∑j
∆t

2φ
<n+1>,[k+1]
m,n

[(
uj,[k+1]

x,m,n

)2 ∂2V j,[k]
i,m,n

∂x2 +
(

uj,[k+1]
y,m,n

)2 ∂2V j,[k]
i,m,n

∂y2 + 2uj,[k+1]
x,m,n uj,[k+1]

y,m,n
∂2V j,[k]

i,m,n
∂x∂y

]<n+1>

(8)

and the coefficients C1,2,3 are calculated as follows,
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4. Physical Properties

4.1. Chemical Component Partitioning

The chemical component partitioning in a compositional simulator describes how the species are
distributed in the phases. In a combined SP flooding, this can be also modeled using the same approach
followed by standard surfactant systems, i.e., using a ternary phase diagram (Figure 3) [40–42]. It is
considered that the surfactant can be present in both the aqueous and organic phases, while the
polymer and salt are present only in the aqueous phase, independently of the emulsion present in the
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reservoir [3,32]. Therefore, the following parameters allow determining the partitioning of surfactant,
water and petroleum components in the two phases,

Solubilization Coefficient = La
pc =

Va
p

Va
c

(10)

Swelling Coefficient = Lo
wc =

Vo
w

Vo
c

(11)

Partitioning Coefficient = kc =
Vo

c
Va

c
(12)

Figure 3. Ternary phase diagrams considering the polymer presence for type II(−) (left) and II(+)
(right) systems (top), and their simplifications for the simulations (bottom) (Adapted with permission
from Druetta [28], Elsevier, 2017).
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The value of the partitioning coefficient determines two different emulsions: Type II(−) (if kc < 1),
and Type II(+) (if kc > 1). The coefficient kc > 1 is a function of the composition (i.e., surfactant) as
well as the water properties, such as salinity. This is modeled in this paper as a piece-wise function of
the salinity (Equation (13)) [32,43].

kc =


102(Va

s /Va
s,opt−1) if Va

s > Va
s,opt

102(1−Va
s /Va

s,opt) if Va
s < Va

s,opt

(13)

The remaining relationships are obtained from the salt and polymer partitioning. These are only
present in the aqueous phase (Vo

s = Vo
pol = 0). All things considered, these five relationships determine

the equations numerically. Figure 3 depicts the adopted five-component model system, including its
representation in the ternary diagram, such as those used with surfactant flooding.

4.2. Interfacial Tension

The interfacial tension is a function of the several chemical species concentrations used during
the EOR process, being affected mainly by the surfactant concentration, followed by the salt and
the polymer [33,41,44–46]. In this paper, following the same approach as in previous reported
simulators, a step-wise system is followed to consider the influence of the different species on the
IFT. Firstly, the importance of the salt is quantified, calculating the IFT in an oil/water/salt system,
expressed in Equation (14) [47].

σow
salt = σow

H + 0.0334 · T · ln (1 + 4.43 ·Va
s ) (14)

where σow
H is the interfacial tension of the original water-oil system and T is the temperature of the

domain. Secondly, the influence of the surfactant is calculated. This is done using the following
formulation, based on the emulsion type. For Type II(−) systems (oil-in-water):

log(σc) = log(F) + (1− La
pc) · log(σH) + ...

+ G1
1+G2

· La
pc ; La

pc < 1

log(σc) = log(F) + G1
1+La

pc ·G2
; La

pc ≥ 1

(15)

For Type II(+) systems (water-in-oil):

log(σc) = log(F) + (1− Lo
wc) · log(σH) + ...

+ G1
1+G2

· Lo
wc ; Lo

wc < 1

log(σc) = log(F) + G1
1+Lo

wc ·G2
; Lo

wc ≥ 1

(16)

Constants G1 and G2 are constant parameters, and the term F can be obtained according the
following equation [43],

F =
1− e−

√
∑i=p,w,c(Vo

i −Va
i )

2

1− e−
√

2
(17)

The water-oil IFT system is considered constant throughout the simulation. Finally, the influence
of the polymer on the IFT is done by proposing a novel formulation, considering the surfactant
concentration and partitioning coefficient [7,8,11,13,48–52].

σ = σc ·

1 +
IFTpolK ·Va

pol

1 + e
kc ·Zc
Zcrit

c

IFTpoln

(18)
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IFTpolK = IFTpolKmax ·
(

1− e−Cpol ·Va
pol
)

(19)

The terms IFTpolKmax, Zcrit
c , IFTpoln and Cpol are constants of the model. The term IFTpolK

follows then an exponential law, with the influence of the polymer negligible as its concentration goes
to zero. The partitioning coefficient was included in this formulation, since it is assumed that the
polymer’s influence is inversely proportional to the former, due to the fact that the surfactant is only in
the organic phase when kc � 1 (Figure 4). Below a certain concentration, the influence of the polymer
is not considered. It is deemed that further research must be done in order to improve the proposed
formulation in this paper with the values of IFT exhibited by different polymer-surfactant systems,
considering the architecture of these molecules as well.

Figure 4. IFT ratio (IFTpol/IFT) considering the influence of the polymer and surfactant concentrations,
and the partitioning coefficient.

4.3. Adsorption

The adsorption takes place when either the surfactant or polymer molecules form onto the
rock surface. This (ir)reversible phenomenon causes a loss of the chemicals in the porous media,
rendering the process economically not attractive in case of high adsorption rates. The reason of this is
that extra chemical is necessary and the interfacial properties are not optimal. The adsorption rate is
dependent on the rock properties, the type of chemical agents, and the type of electrolytes present in
the solution. Because of the IAPV phenomenon, the polymer will tend to flow in front of the surfactant
slug and thus is “sacrificed” for adsorption [32,53–55]. Thus, the rock will be covered by a layer of
polymer molecules, hence fewer sites are available for surfactant adsorption to occur, a process known
as competitive adsorption. To consider this, the scheme used in UTCHEM was adopted, developing a
formulation that relates the surfactant adsorption with the adsorbed polymer, and vice versa [56–60].

FSP = 1−
Adpol

Admax,pol
· Fads ∧ Fpol

SP = 1− Adc

Admax,c
· Fpol

ads (20)

Adpol,c is the polymer/surfactant adsorbed, Admax,pol,c is the asymptote of the Langmuir equation for

the adsorption process. The terms Fads and Fpol
ads are tunable parameters to adjust the adsorption due
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to the competitive process mentioned earlier. Therefore, the adsorption of both chemical species is
calculated as,

Adc,pol = min

(Zc,pol + Adc,pol

)
,

F(pol)
SP · a1,c,pol · Zc,pol

1 + a2,c,pol · Zc,pol

 (21)

Because the multiplier F(pol)
SP , the surfactant asymptote is unchanged (F(pol)

SP = 0 ∨ Adc,pol = 0)

or reduced (F(pol)
SP 6= 0 ∧ Adc,pol 6= 0). On the contrary, if the surfactant is injected before the polymer,

the rock will be covered by surfactant and thus the polymer adsorption will be hindered. The Langmuir
adsorption parameter a1,pol,c is function of the salinity present in the reservoir [43].

a1,c = (a11,c + a12,c · CSE)

a1,pol = (a11,pol + a12,pol · CSEP)
(22)

The term CSE is the surfactant effective salinity, considering the concentration of dissolved salts in
the non-organic phase, the thermal effects, and the fraction of divalent cations bound to surfactant
micelles [43].

CSE = Va
s ·

1
1− βdiv fdiv

· 1

1 + βtemp

(
T − Tre f

) (23)

The term CSEP, known as the polymer effective salinity, is not considered constant throughout the
simulation and domain, and it is estimated according to the following equation (salt is considered the
fifth component in the system),

CSEP =
Va

s +
(

βpol − 1
)

Ca
DIV

Va
w

(24)

where Ca
DIV is the divalent cations concentration in the aqueous phase, which it is considered

in this case to be negligible. Moreover, the constant βpol should be obtained from laboratory
measurements [43].

5. Results and Discussion

5.1. Introduction

The aim in this paper is to study the influence of the adsorption in a combined SP flooding,
considering firstly a four-component system (no salt). Therefore, four different injection schemes are
presented: polymer injected in the first place, followed by the surfactant (separated/overlapped) and
vice versa. Moreover, the importance of the SPI is also studied, and how this affects the adsorption
rates of the chemical species being injected in the second place. Secondly, the five-component system
is tested, discussing as well the importance of the salt in the adsorption process, considering also its
influence in the surfactant’s phase behavior. This is done by replacing the injection water with a brine
of constant salinity.

Data

Following the scheme adopted in a previous study [28], the most important parameters of the
simulation and the physical properties are established to represent an oilfield after a primary recovery,
which is considered to be the target of the combined EOR processes (Tables 1 and 2).
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Table 1. General parameters (reproduced with permission from Druetta [28], Elsevier, 2017).

Geometrical Data of the Reservoir

Length in axis X 500 m Length in axis Y 500 m Layer thickness 5 m

nx 25 blocks ny 25 blocks

Rock Properties

Porosity 0.25 kxx 200 mD kyy 200 mD

Initial Conditions

So 0.70 Sr
o (EOR) 0.35 SrH

a = SrH
o 0.15

Simulation Data

Total time 3000 days Surf. inj. time 100 days zcIN 0.1

Pol. inj. time 100 days zpolIN 0.025

Physical Data of the Phases

µaH 1 cP µoH 10 cP Oil density 850 kg/m3

Water density 1020 kg/m3 IFT 50 mN/m

Table 2. Wells’ physical and operating conditions (reproduced with permission from Druetta [28],
Elsevier, 2017).

Physical Information

Number of wells 2 Well radius 0.25 m Skin factor 0

Operating Conditions

Total flowrate 222.58 m3/day Bottomhole pressure 55,160 kPa

5.2. Influence of the Adsorption and the Surfactant-Polymer Interaction

It is known in combined chemical EOR processes that the injection order, and also the time gap
between the slugs, play a critical role in the recovery process. The goal in this section is to study
the influence of the adsorption in this order, as well as the SPI, more specifically the competitive
adsorption process between polymer and surfactant, which is taken into account in the model
in Equations (20) and (21). Parameters FSP, Fpol

SP and Fads directly affect the amount of chemicals

adsorbed by the porous medium. Both FSP and Fpol
SP depend on a competitive adsorption parameter.

To understand the influence of these new terms, several simulations were performed according to the
schemes previously mentioned. Therefore, the simulation comprises reference cases, i.e., polymer and
surfactant flooding, and then a series of SP simulations with different injection orders. In the latter,
the adsorption of either the polymer or the surfactant will affect the maximum adsorbed amounts
of the other chemical species, depending on the other of injection. Consequently, the sacrifice of the
chemical species injected in the first term will benefit the recovery efficiency of the second. This should
be studied in more detail in case the surfactant is injected first but with an overlap with the polymer
slug. Due to the IAPV, the molecules of the latter will flow through the reservoir more quickly and in
the vicinity of the producing well the latter will become the species being sacrificed. This is the reason
a bidirectional influence (between the chemical species) when considering adsorption in SP or ASP
flooding should be adopted.

The physical properties and operating conditions of the phases under study were maintained
from the previous section. For the purposes of these simulations a competitive adsorption factor equal
to 1.5 was initially assumed. However, the influence of the fifth component has not been considered
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yet, which affects the process of adsorption and phase behavior. This will be discussed in the next
section. Table 3 and Figures 5 and 6 present the results of these simulations. The adsorption constants
adopted for this study are a11,c = a11,pol = 0.25, a2,c = a2,pol = 3, a12,c = 5, and a12,pol = 2.

Table 3. Recovery processes for different SP flooding schemes considering adsorption of the
chemical species.

Case
Oil Recovered

Case
Oil Recovered

m3 %OOIP m3 %OOIP

Reference Polymer 81,540 43.5
Polymer + Surfactant

87,530 46.7
(separated)

Reference Surfactant 75,450 40.2
Surfactant + Polymer

90,036 48.0
(overlapped)

Polymer + Surfactant
90,928 48.5

Surfactant + Polymer
87,740 46.9

(overlapped) (separated)

Figure 5. Oil recovery, fractional flow (left) and pressure drop (right) for the reference and SP schemes
cases considering adsorption.

The trend and behavior obtained in the previous point was confirmed again, in this case
considering the phenomenon of adsorption. Efficiencies in oil recovery, both in reference cases and in
SP flooding, decreased according to what expected. Adsorption mainly affects the chemical species
being injected first, which acts as a sacrificial agent. In the case of the polymer, this is manifested in
a loss of the viscosifying properties and therefore in the mobility ratio. For surfactant, adsorption
affects the reduction of IFT and therefore decreases the Capillary Number, which affects the amount
of oil that can be displaced by the chemical flooding. In this case, the polymer rendered slight better
recovery factors than the surfactant, although this must not be always the case. The performance of
these two agents separately depends on many factors to be considered, namely: viscosifying properties,
viscoelastic characteristics, adsorption rates, molecules’ architectures, interfacial properties, as well
as the porous medium being studied, e.g., its wettability, porosity and permeability. All these factors
combined determine the sweep efficiency of the EOR agents.

The competitive adsorption phenomenon is shown in Table 4 and Figures 7–9. The oil saturation
profile from Figure 7 can be compared when the adsorption is considered, against a reference case.
The loss of viscosifying properties is visible in the polymer front wave, diminishing the sweep efficiency
and tending to render a waterflooding pattern (Figures 7 and 8). The influence of the injection order is
evident in the amount of chemical lost in the reservoir. In the case that the polymer is injected in the
first term, the order of injection together with the IAPV causes that the amount of surfactant adsorbed
to be smaller in the whole domain and that the main losses occur with the former. In contrast, when the
injection order changes, in the region near the injector well the loss occurs in the first element, so the
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amount of surfactant is mostly affected (Figure 6). Then, due to the IAPV, the polymer slug reaches
the surfactant and the former becomes the sacrificial element, reason the adsorbed amount of the
surfactant decreases. Table 4 presents the influence of the competitive adsorption factor in the recovery
process. This parameter is an indication of the hindrance to the adsorption process of the chemical
being injected in second place (Figure 9). As this factor increases, the adsorption of the latter decreases
and therefore the recovery efficiency increases. The estimation of this factor should be also carefully
evaluated in laboratory experiments with the surfactant, polymer and the rock formation to be used,
since an incorrect estimation might lead to lower recoveries than expected.

Figure 6. Chemical flowrates for the different SP injection schemes considering the adsorption process.

Figure 7. Oil saturation in a P+S overlapped scheme after 500 days for the reference, non-adsorption
case (left), and considering the adsorption (right).

Table 4. Oil recovery efficiency in a random permeability field as a function of the
partitioning coefficient.

Competitive Adsorption Factor
Oil Recovered

Competitive Adsorption Factor
Oil Recovered

m3 %OOIP m3 %OOIP

0.1 86,750 46.3 2 87,767 46.8
1 86,930 46.4 5 89,516 47.7

1.5 87,530 46.7 10 91,594 48.9



Energies 2020, 13, 6520 14 of 23

Figure 8. Oil concentration after 3000 days, at the end of the EOR process, for an overlapped polymer +
surfactant (left) and surfactant + polymer (right) SP flooding.

Figure 9. Combined chemical agents slugs in a P+S flooding scheme after 1000 days (separated–left)
and amount of surfactant adsorbed after 3000 days (overlapped–right).

Therefore, the adsorption process does not modify the optimum injection order in SP flooding.
Injecting the polymer slug in the first term, followed by the surfactant after a short water bank,
rendered the best recovery results. However, the recovered oil values were obviously affected by this
process and therefore this should be taken into account in chemical flooding processes, both from a
technical and economic point of view. Adsorption process is the most significant for chemical EOR
processes, for both standard and combined techniques.

5.3. Adsorption in a Five-Component System

During this study the efficiency of a combined SP flooding process was studied, focusing on
recovering medium/low viscosity oils. This study included the analysis of the order of injection,
the start time of the EOR process and then the influence of adsorption on a combined chemical process.
This phenomenon depends on the salt content present in the reservoir. The last part of this paper is then
dedicated to the discussion of the process under the influence of adsorption when the salt is present.
This involves the simulation of a two-phase system and five pseudo-components. According to the
formulation used, the presence of the salt affects the parameters a2,c,pol of the two chemicals species,
surfactant and polymer. It is assumed an isothermal system and the presence of divalent cations
to be negligible; hence, the effective salinity is equal to the salt concentration in the aqueous phase
(Equations (22)–(24)). Based on this system, a series of simulations were carried out using different
injection orders in order to infer conclusions about the optimal scheme for SP flooding and how the
salt affects the combined EOR process. The results of these simulations, together with the reference
cases, are presented in Table 5 and Figures 10 and 11.
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Table 5. Results of the recovery process for different SP flooding schemes considering adsorption of
the chemical species and the presence of the salt as fifth component.

Case
Oil Recovered

Case
Oil Recovered

m3 %OOIP m3 %OOIP

Reference Polymer 80,300 42.8
Polymer + Surfactant

84,010 44.8
(separated)

Reference Surfactant 74,860 39.9
Surfactant + Polymer

84,860 45.3
(overlapped)

Polymer + Surfactant
85,780 45.8

Surfactant + Polymer
84,350 45.0

(overlapped) (separated)

Figure 10. Oil recovery, fractional flow (left) and pressure drop (right) for the reference cases and
different SP schemes, considering adsorption phenomena in a five pseudo-component system.

As previously noticed, the injection of the polymer before the surfactant achieved the highest
recovery factors, even though the difference in this case is smaller than in previous simulations.
The best results are obtained when the water bank between chemical slugs is reduced to a minimum.
The injection of the polymer in the first stage has several possible advantages: the viscosifying
properties of the polymer help to create an uniform displacement front (also in heterogeneous
formations), which improves the behavior of the surfactant slug injected afterwards. Furthermore,
the polymer front also sweeps part of the TDS initially found in the reservoir, which may hinder the
performance of the surfactant slug. When slugs are injected with a large time difference, the result
resembles more than two separated chemical EOR processes, rather than a combine one. If the
difference between injections decreases, the influence of one chemical on the other becomes more
evident and this is reflected in the recovered oil (Figure 10—left). Analyzing the latter in particular, it is
observed that the differences in recovered oil are minimal and they could be improved since there are
several parameters influencing the process, namely: slug size, injection time, viscosifying properties of
the polymer. Then, although the results agree with what was published in the literature, [21,53,54,60]
simulations of an SP process could also agree with what Sheng [32] obtained in his 1D homogeneous
models. Another important point to be considered is the presence of the salt and how this affects the
recovery process. In the present simulation, a theoretical study of the influence of this component was
carried out, considering a simplified salinity profile in the rock. In future studies, these simulations
should be complemented with laboratory or field studies which can improve the comprehension of
the profiles found in the reservoir as well as the influence of the salt in the sweep process of the EOR
agents. As conclusion, further studies are necessary to determine if there is an optimal injection scheme
for the SP process, or whether the order depends on the physical parameters of the porous medium
and fluids.
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Figure 11. Chemical and salt flowrates as a function of time for the different SP injection schemes
considering the adsorption process in a five pseudo-component system. The red lines represent the
flow rates for an injection scheme ’Polymer + Surfactant’, while the green ones depict the behavior of
the system for an injection scheme ’Surfactant + Polymer’. The line-types shown in the top left of the
graph are used to differentiate the different components under study.

The pressure drop (Figure 10—right) was also indirectly affected by the presence of the salt,
since the latter modifies negatively the zero shear-rate viscosity of the polymer solution and therefore
the pressure drop sharply dropped when compared to previous cases. The chemical flowrates
(Figure 11) show the influence of the adsorption together with the injection order and the IAPV.
The difference in the chemical breakthrough times in the case where the polymer is injected first
is clearly visible, while in the opposite injection scheme both chemical reach the producing well at
approximately the same time. The difference in the flowrates is evidence of the adsorption and the
“sacrificial” process the first chemical suffers in the porous medium.

The salt affects the phase behavior properties in the surfactant flooding. The model adopted for
the simulations, in terms of initial and injected salt content, was determined to obtain partitioning
coefficients of the same order as those used in previous simulations. However, these are now functions
of position, time and salt concentration, and not constants as in the previous points. Salt affects
the maximum values of adsorption, which causes a detriment in the recovered oil, as shown in
Figures 12–14. This has affected both the properties of the polymer, causing a decrease in the viscosities
of the aqueous phase, and in the interfacial properties in the surfactant slug. The salt in the model also
affects the competitive adsorption process: although the competitive adsorption factor is not affected by
this component, the isothermal adsorption curves are indeed affected by the former, as they depend on
Equations (20) and (21). Salt has negative consequences for the recovery process, both from a technical
and economic point of view. The decrease in the sweep efficiency increases the operating times and
can decrease to a certain extent the recoverable maximum oil. Economically speaking, this translates
into longer operating times and thus higher associated costs. In conclusion, the adsorption parameters
must be carefully studied for each porous medium before beginning any EOR process of chemical
recovery. In discussing the properties of the chemicals used, a desirable characteristic would be to
reduce as much as possible the influence of salt (both mono- and divalent ions) on the properties
of the polymers and adsorption rates without affecting significantly the phase behavior in the
surfactant flooding. There are currently several lines of research developing improved chemical EOR
agents, which are focused on the relationship between the molecules’ architecture and the associated
chemical properties. For instance, the use of hyperbranched polymers instead of the traditional linear
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ones, which exhibit a stronger resistance to the TDS, as well as improved rheological and viscoelastic
properties compared to traditional polymers. Furthermore, in recent years a new type of EOR agent
has gained momentum, i.e., the polymeric surfactants: these combine the viscosifying properties of
polymers with the interfacial capabilities of surfactants, and present a great potential for application in
EOR processes [12,29].

Figure 12. Oil saturation in a P+S overlapped scheme after 500 days (left) and 3000 days (right) in a
porous medium considering adsorption and the presence of salt in the aqueous phase.

Figure 13. Oil saturation in a P+S scheme after 1000 days (separated—left) and IFT [mN/m] after
1000 days in a P+S (overlapped—right), considering adsorption and the presence of salt in the
aqueous phase.

Considering the system’s behavior and all the previous cases as well, it is observed that although
the polymer in the preflush maximizes the recovery efficiency, this system is more sensitive to the
adsorption and the presence of the salt than the cases when the polymer is injected after the surfactant.
The results of this analysis are shown in Table 5. Evaluating the four possible schemes, the greatest
decrease in the oil recovery factor occurred in the schemes where the optimal results were obtained.
This is because in these cases, the polymer acted as a sacrificial agent and this caused a decrease
in the viscosity of the aqueous phase, which affected the mobility ratio and the sweep efficiency.
The surfactant injected thereafter, although it diminished the IFT and modified slightly the aqueous
viscosity, did not manage to displace the remaining oil with the same efficiency due to the difference
between the viscosities of both phases, which yielded an even greater mobility ratio. This is shown in
Figures 12 and 13, where the final oil saturations are presented for the two schemes which rendered
the best results in terms of oil recovery. When the polymer is injected before, the sweep efficiency in
the domain due to adsorption decreases and higher oil saturation values are obtained at the vertexes
of the model, the farthest points from the wells. Nonetheless, while the sweep efficiency decreased,
the surfactant achieved a better sweep in the area near the injector well, so that residual oil saturation
values achieved are lower than those when the polymer is injected in second place.
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The chemical slug propagation and its influence on the aqueous phase properties are shown in
Figures 14 and 15. While the shape and mass transport are not affected neither the adsorption nor the
presence of the salt, their values are. The polymer adsorption profile (Figure 15—right) is also different
from the one obtained for the surfactant. This is related to the combined process and the mobility
ratio. The polymer slug has a better areal sweep efficiency than the one of the surfactant, and so the
adsorption patter is spread throughout the domain. In the case of the surfactant, this was limited by
the presence of the polymer slug injected first (Figure 9—right).

Figure 14. Polymer concentration profile after 1000 in a surfactant + polymer flooding
(overlapped—left) and combined chemicals after 1000 days in a polymer + surfactant flooding
(overlapped—right).

Figure 15. Aqueous phase viscosity [mPa· s] after 1000 days in a surfactant + polymer SP scheme
(separated—left) and amount of polymer adsorbed after 1000 days in a surfactant + polymer flooding
(overlapped—right).

This is one more reason to consider that more studies are needed to determine if there is really an
optimal scheme for every type of rock formation in SP flooding processes. As it was already noted,
in the simulations with five components both injection schemes yielded practically similar recovery
results. Therefore, it is deemed that both the size and the temporal positioning of the slugs should be
evaluated in simulations and laboratory tests before beginning the EOR process in order to maximize
the results. These studies should consider the properties and conditions of the fluids and the porous
medium and should serve as input for the selection and/or possible design of chemical agents for the
flooding process.
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6. Conclusions

This paper aimed at continuing the study of a combined SP flooding simulator, developed for a 2D
porous medium and a two-phase, five-component system. The numerical model is described by a set
of partial differential equations (parabolic and hyperbolic/parabolic) representing the aqueous phase
pressure and the mass continuity in the domain. This model was discretized using a second-order
finite difference stencil, coupled with TVD flux limiters which proved to diminish the numerical
diffusion and dispersion, improving the chemical front-tracking. The scenarios in this paper aimed
at studying the influence of the adsorption, the SPI and the salt on the injection scheme and on the
overall recovery performance. A set of benchmark cases was simulated, followed by four different
possible SP configurations. The polymer being injected first and with the surfactant slug slightly
overlapped yielded the best sweeping efficiencies, although this difference was subtle, which is similar
to previously published results.

Notwithstanding the surfactant-polymer interaction (SPI) had not shown a noticeable effect in
both the IFT and the viscosity, it affected noticeably the adsorption, and therefore, the final recovery
efficiency. This could have a major economic effect in the whole process, since the surfactant adsorption
is one of the main disadvantages in chemical EOR processes. Sacrificing the polymer may result in
major economic enhancement with respect to traditional EOR techniques, but more simulations and
experiments are deemed necessary in order to determine if this applies to every rock formation and/or
every chemical (polymer and surfactant) couple. The second part of this paper considered the influence
of the salt on the abovementioned phenomena, which did not modified the general results and injection
schemes, but it affected mainly the adsorption rate parameters, diminishing the oil recovered.

Combined chemical EOR processes present a great potential in order to further increase the
recovery factors after waterflooding, when the chemical agents being used complement each other in
the recovery mechanisms. As conclusion, it is also considered that the research on the development of
“green” polymers, polymeric surfactants and surfactants for such kind of process is also advisable.
This is a field where product technology could use the tools to synthesize new chemicals in order to
improve the efficiency and/or reduce the exploitation costs.
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Abbreviations

The following abbreviations are used in this manuscript:

EOR Enhanced Oil Recovery
TDS Total Dissolved Solids
IAPV Inaccessible Pore Volume
TVD Total Variation Diminishing
PDE Partial Differential Equation
IFT Interfacial Tension
IMPEC Implicit in Pressure, Explicit in Concentration
OOIP Original Oil in Place
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Nomenclature

D Dispersion Tensor Ω Reservoir Domain
dm Molecular Diffusion [m2/s]
dl Longitudinal Dispersion [m2/s] Superscripts
dt Transversal Dispersion [m2/s] a Aqueous Phase
kr Relative Permeability H Water-Oil System (no Chemical)
p Reservoir Pressure [Pa] j Phase
pw f Bottomhole Pressure [Pa] [k] Iteration Number
r Volumetric Concentration Gradient < n > Time-Step
rw Well Radius [m] o Oleous Phase
S Phase Saturation r Residual
s Well Skin Factor
V Volumetric Concentration Subscripts
z Overall Concentration c Chemical (Surfactant) Component

i Component
Greek Letters in Injection

Γ Domain Boundary m, n Spatial Grid Blocks
δij Kronecker Delta p Petroleum Component
λ Phase Mobility [m2/(Pa · s)] pol Polymer Component
µ Absolute Viscosity [Pa · s] st Salt Component
σ Interfacial Tension [mN/m] w Water Component
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