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A B S T R A C T

Enhanced Oil Recovery (EOR) processes aim at increasing the performance and operative life of oilfields while
newer, greener and more efficient energy sources are developed. Among the chemical EOR techniques, sur-
factant flooding is one of the most well-known methods, applied mainly in low- and medium-viscosity oilfields.
Surfactants diminish the interfacial energy between the oleous and aqueous phases, reducing the forces re-
sponsible of the capillary trapping phenomenon and mobilizing the remaining oil. This paper presents the study
of a novel two-dimensional surfactant flooding simulator for a four-component (water, petroleum, chemical,
salt), two-phase (aqueous, oleous) system in porous media. It is aimed mainly at discussing the influence of the
physical phenomena present in the reservoir during the recovery, namely: rock compressibility, diffusion, ca-
pillary pressure and adsorption. The system is numerically solved using a second-order finite difference method
using the IMPEC (IMplicit Pressure and Explicit Concentration) scheme. The oil recovery factor was negatively
affected when these phenomena were considered, being strongly sensitive to the adsorption. The other phe-
nomena decreased the efficiency of the process to a lesser extent, whilst the capillary pressure did not affect
significantly the flooding performance. The presence of salt in the reservoir rendered the adsorption process
more relevant, with water-in-oil emulsions being more sensitive to the presence of this fourth component. This
paper shows the importance of the design and optimization of chemical agents to be used in EOR before its field
application.

1. Introduction

Crude oil and its derivatives have been for the last 150 years the
main source of energy and raw material for the industrial processes, and
nowadays the economies still depend largely on its continuous supply
[1–4]. The exploitation of oil fields can be divided in three main stages,
according to the mechanisms involved in the recovery: the primary
stage uses natural driven mechanisms (e.g., expansion drive, compac-
tion, gravitational), followed by the secondary, or waterflooding, in
which a fluid is injected to repressurize and mobilize the oil to the
producers [3,5–7]. After these two stages approximately 50% of the
original oil in place (OOIP) still remains trapped underground due to
several physical mechanisms (e.g., capillary forces). Tertiary recovery
processes, also known as Enhanced Oil Recovery (EOR), aim at mod-
ifying one or several of the properties in the reservoir in order to mo-
bilize part of this remaining oil [8]. There are several techniques, which
depend mainly on the crude oil and rock formation, namely [6]:

thermal (combustion in-situ - continuous/cyclic steam injection); che-
mical (polymers, surfactants and/or caustic); miscible (CO2 injection,
inert gas or miscible-solvent); and others (e.g., microbial EOR).

Among these, chemical EOR (CEOR) is mostly used for low and
medium viscosity crude oils and, more importantly, they can also be
employed in a wide range of rock formations. An important synergy
between reservoir simulation and chemical EOR is that the numerical
models can be used either to predict the performance or to set the re-
quirements of the future chemical agents to be synthesized. In a pre-
vious paper, a novel surfactant simulator was presented in order to
study a EOR sweeping process in an oil field. This study aims at ex-
tending this study, analyzing the influence of different physical phe-
nomena (e.g., adsorption, diffusion, capillary pressure) on the recovery
process. This simulator was designed to study a 2D oil field [9–11], to
simulate a two-phase, four-component flow.
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1.1. Surfactant flooding

The use of surfactants for EOR is not a new technology, but has been
used for more than 40 years [7,12–19]. Surfactants adsorb on the oil/
water interface, reducing the interfacial tension (IFT) and capillary
forces, which are responsible for the trapping phenomena in pores
[20–22]. The interesting part about surfactants is its hydro- and lipo-
philicity, what makes them useful in immiscible, multiphase systems.
The goal when designing surfactants for EOR is to achieve low inter-
facial tension at low surfactant concentrations, and low adsorption le-
vels on the formation rock [23,24]. The numerical modeling of sur-
factant flooding, as in other chemical EOR processes, is generally done
following the compositional approach [25–27]. These models have
been employed during the last 50 years to model chemical EOR pro-
cesses where other mathematical models (e.g., black-oil) cannot re-
present accurately the phase properties, behavior and mass transport of
the different components present in the reservoir. Nolen [28] developed
one of the first compositional simulators. This model was focused on
describing a three dimensional reservoir and used a number of corre-
lations to calculate its different physical properties such as densities,
viscosities, and equilibrium K-values. Moreover, he also dealt with the
problem of numerical dispersion. Using the method-of-characteristics,
he demonstrated a way to minimize this issue in multicomponent
miscible displacement problems. This simulator was validated pre-
senting comparisons between with experimental data. Pope and Nelson
[29,30] were among the first to report the importance of phase beha-
vior in chemical flooding processes. They developed a one-dimensional
compositional simulator to simulate the recovery of oil using different
chemicals, such as surfactant and polymer. In the case of surfactant
flooding, phase behavior and interfacial tension were modeled as
functions of salinity and chemical concentration. The results reported
included up to six components and up to three phases, using simplified
representations of the binodal and distribution curves for the surfac-
tant/brine/oil system. In spite of these simplifications, as many as 64
parameters are required to describe the flooding process. Porcelli
[31–33] and Bidner [34] developed and tested a 1D chemical flooding
simulator for a two-phase, three-component system. The capabilities

included phase behavior, interfacial tension, residual saturations, re-
lative permeabilities, phase viscosities, wettability, capillary pressure,
adsorption and dispersion. The phase behavior was modeled based on
simplifications of ternary diagrams, and the properties expressed as
functions of the component partitioning constants, which depend on the
type of surfactant used. They modeled Type II(−) and Type II(+) phase
behaviors and tested the influence of the above-mentioned properties as
well as the numerical discretization in the oil recovery factor. The re-
sults proved that in surfactant EOR processes, wettability alteration
plays a key role in oil recovery from the reservoir. The phase behavior
was relatively simple and considered that there was no surfactant
partitioning, with the chemical species only present in the water phase,
whilst the oleous phase is only composed by the oil species.

1.2. Aim of this work

The novelty of this work resides in extending the study presented in
a previous paper, complementing the studies therein in order to study
the influence of other physical phenomena in the EOR process using
surfactants. These models represent an improvement of a previous 2D,
three-component simulator for surfactant flooding [9]. The component
partitioning is modeled in an accurate, but yet relatively simple and
robust way, solving the stability problems present in previous simula-
tors. Since in this study the salt is also considered in the system, the
surfactant partitioning is expressed as a piece-wise function of the total
dissolved solids (TDS) in the aqueous phase. The component parti-
tioning then is modeled in the simulator the minimum number of
parameters possible to describe the chemical behavior, avoiding the
creation of a complex system of non-linear equations which would
complicate the numerical solving, but at the same time preventing the
oversimplification of the system, which would affect the recovery re-
sults.

The combination of the above-mentioned has resulted in a novel
and complete simulator, which can be used for the design and screening
of new surface active agents to be used in EOR. In order to understand
how to increase the efficiency of the surfactant a series of numerical
simulations were performed, aimed at analyzing how different

Nomenclature

Ad Component Adsorption [day−1]
cr Rock Compressibility [Pa−1]
D Dispersion Tensor
dm Molecular Diffusion [m2/s]
dl Longitudinal Dispersion [m2/s]
dt Transversal Dispersion [m2/s]
FLIM Flux Limiting Function
K Absolute Permeability [mD]
kr Relative Permeability
p Reservoir Pressure [Pa]
pwf Bottomhole Pressure [Pa]
q Flowrate [m3/day]
rw Well Radius [m]
S Phase Saturation
s Well Skin Factor
u Darcy Velocity [m/day]
V Volumetric Concentration
z Overall Concentration

Greek Letters

Domain Boundary
ij Kronecker Delta
λ Phase Mobility [m2/(Pa s)]

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 Oleous Phase
r Residual

Subscripts

c Surfactant Component
i Component
in Injection
m n, Spatial Grid Blocks
p Petroleum Component
s Salt Component
t Total
w Water Component
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phenomena (excluding the phase behavior) affect the surfactant effi-
ciency. Finally, the last part of the paper consists in presenting the re-
sults of a series of EOR flooding with surfactant when the salt is present
as the fourth component in the system, modifying the phase behavior
and the adsorption rates. Nonetheless, the current 2D model does not
allow to consider the volumetric sweeping efficiency of EOR agents and
how the difference in the densities between oil and EOR agents affects
the efficiency of the process, specifically when the vertical permeability
component cannot be neglected with respect to horizontal ones.
Moreover, the influence of the temperature and heat transfer is not
considered in the model, which affects the phases' rheological behavior
and hence the mobility ratio as well as the influence of the salinity in
the surfactant flooding. Furthermore, the compositional model is lim-
ited to two phases, neglecting the presence of the gas phase, which is
usually present in many reservoirs. The mentioned phenomena should
be the objective of further improvements, solving the current dis-
advantages with respect to commercial reservoir simulators.

The simulation of multiphase, multicomponent flow in porous
media usually requires solving a number of coupled, non-linear system
of equations dealing with temporal and spatial partial derivatives of
pressure and mass concentrations. In the model it is adopted a fully
second-order accuracy discretization scheme, along with a Total
Variation Diminishing (TVD) flux limiter, which notoriously reduces
the influence of numerical diffusion and dispersion mechanisms [11].
Generally speaking, commercial simulators present usually more ad-
vantages than academic ones. However, the objective of this paper is to
present a novel chemical EOR reservoir simulator. The second-order
accuracy in the discretization of the differential equations allows ob-
taining better results than standard academic simulators and moreover,
it is comparable to commercial ones. Chemically speaking, the usage of
the ternary diagram in order to model the phase behavior and the in-
fluence of the salinity on the calculation of the partition coefficient and
on the phases’ rheological behavior (e.g. calculation of aqueous visc-
osity in a step-wise approach considering the influence of all the
components) were never considered in the academic simulators, and
some of these are not considered by commercial ones. All in all,
mathematically speaking the model represents a novelty with respect to
academic simulators and chemically speaking, it represents an advance
compared to academic simulators and presents some minor advantages
against commercial simulators. Nevertheless, a major disadvantage
with respect to the latter is the number of dimensions employed, al-
though it is considered that a 2D approach is appropriate for a first
development of the simulator in order to study the behavior of chemical
agents. Moreover, this approach will allow studying the chemical per-
formance in different oilfields in order to determine the set of desired
properties when synthesizing new EOR agents.

1.3. Physical model

The physical model represents an oil field ( ) of known geometric
characteristics, with an absolute permeability tensor (K) and porosity
(φ) (Fig. 1). These can be constant or represented by a normally dis-
tributed fields, with the porosity being also affected by the rock com-
pressibility. The flow is considered isothermal, Newtonian, in-
compressible and 2-dimensional (it is assumed as in previous models
that the vertical permeability is negligible when compared to horizontal
ones). It is also assumed that the system is in local thermodynamic
(phase) equilibrium. Finally, gravitational forces are negligible com-
pared to the viscous and capillary forces [34].

Surfactant EOR flooding, such as other chemical techniques, in-
volves the flow of fluids in two phases (aqueous and oleous), and var-
ious components (water, salt, chemical and petroleum). It is noteworthy
that these components can be mixtures of a number of pure compo-
nents, since petroleum is a mixture of many hydrocarbons, water con-
tains dissolved monovalent and divalent salts and the surfactant is
composed by a number of different molecules (e.g., cosurfactants)

[3,8,16]. The recovery process involves injecting firstly a surfactant
slug along with the aqueous phase, and subsequently a water bank is
injected (pure water or brine) in order to drive the chemical slug,
sweeping the mobilized oil into the producing wells. This model is re-
presented by a system of strongly nonlinear partial differential equa-
tions which are completed by a set of algebraic relationships re-
presenting physical properties of the fluid and the rock, which are:
component partitioning as a function of the salinity, interfacial tension,
residual phase saturations, relative permeabilities, rock wettability,
phase viscosities, capillary pressure, adsorption on the formation, and
dispersion. As mentioned, the compressibility of the formation is also
taken into account in the simulator. Underground porous media are
subject to internal and external stresses due to the forces acting on the
system. Internal ones are caused mainly from the fluids’ pressure field,
whilst external stresses are originated from gravitational forces and
tectonic events, if any [10,35]. The numerical technique adopted for
the resolution of these equations is the IMPEC method, which calculates
pressures implicitly and concentration for each of the component ex-
plicitly. Improving the discretization methods presented in the litera-
ture [36], a fully second-order accuracy scheme is adopted in the
model. Moreover, a flux limiter function is implemented in order to
track more accurately the components throughout the reservoir
[31,33,37,38].

1.4. Mathematical model

The flow of porous media can be studies from two different per-
spectives: the direct and the continuum approaches. The first one in-
volves solving the Navier-Stokes equations and a detailed character-
ization of the poral geometry, which limits considerable its application.
The continuum divided the domain in elementary volumes, averaging
the properties, without the need of modeling the system at a poral-
scale. In this case the Darcy law applies along with the mass transport
equation. The compositional reservoir simulation uses this last ap-
proach, which offers the versatility to model a number of components
present in the phases. This simulator is part of a series of models aimed
at studying chemical EOR processes. Thus, this is an extension of a
previously published simulator for surfactant flooding, which was va-
lidated against commercial and academic simulators under different
configurations, discussing also its order of convergence (Fig. 2) [9,11].
Therefore, it is considered that the validation of this model was already
done and reported [39–41]. The equations defining the flow in porous
media are then (along with the dispersion tensor) [39–43],

= =u K k
µ

p j o a; ,j r
j

j
j

(1)

+ = + =z
t

V u D V Ad
t

q i p c w s( ) ( ) ; , , ,i
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i
j j

j
i
j

i
j i

i

(2)

Fig. 1. Schematic representation of the quarter 5-spot used for the EOR sur-
factant flooding [9].
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2. Physical properties

2.1. Chemical component partition

As it is mentioned in the literature, the most relevant part of the
analysis in surfactant flooding is to understand how the components
distribute into the phase, what it is called phase behavior of the system.
In this model, this is represented in a ternary phase diagram. The
composition of a mixture is determined by any point inside the triangle,
which is known with two of the total concentrations of the components
[32,38,44–46]. As the concentration of the chemical increases, oil and
water become miscible, so that the triangle can be divided into two
zones (in two-phase systems): upper miscible and immiscible in the
bottom. The curves delimiting these regions are determined by volu-
metric concentration ratios calculated as,

= =L
V
V

Solubilization Coefficient pc
a p

a

c
a (5)

= =L V
V

Swelling Coefficient wc
o w

o

c
o (6)

= =k V
V

Partition Coefficient c
c
o

c
a (7)

Depending on the value of kc, two different behaviors are observed
in two-phase systems: Type II(−) (for <k 1c ), and Type II(+) (for

>k 1c ). The partition coefficient value, as reported previously, depends
on the composition of the injected chemical and the water character-
istics, such as temperature and salinity, and it is the most critical
parameter affecting the surfactant performance. Sheng [47] described
this two-phase approximation to surfactant flooding and the depen-
dence on the salinity of the partition coefficient using a piece-wise
function (Eq. (8) and Fig. 3) to describe this [35],
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In this case it is assumed that all the salinity present in the reservoir
is composed by monovalent cations. The salt component is only present

in the aqueous phase ( =V 0s
o ). With these relationships the system

becomes numerically determined with a unique solution, and the
parameters previously introduced can now be calculated for each re-
presentative elementary volume (REV). Fig. 4 shows the original and
simplified ternary diagrams used for this simulation.

2.2. Interfacial tension

The interfacial tension of the system depends on the presence and
concentration of the chemical component as well as the emulsion type
present in the reservoir. In this simulation a simplified IFT correlation
will be used [31–34,37].

For Type II(−) systems (oil/water emulsion):
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For Type II(+) systems (oil emulsion/water):
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where G1 and G2 are input parameters, and the term F is the correction
factor introduced by Hirasaki, calculated according to the following
equation:
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(11)

In chemical recovery process, the presence of the surfactant causes
the decrease of IFT, allowing the mobilization of oil trapped in the
reservoir, so it can be inferred that the residual saturations of the phases
depend on the IFT. The IFT of the water-oil system (no surfactant
present) is considered constant throughout the simulation.

2.3. Residual saturation

Residual saturations play an important role in oil recovery pro-
cesses. They establish a certain limit to how much oil can be mobilized
during the process. If such saturations can be reduced, this will increase
the efficiency of the whole process. As explained in the previous sec-
tion, they depend on the IFT in the water-oil two-phase system. The
presence of the surfactant can modify the residuals saturations in the
porous medium. This relationship is ruled by a dimensionless group, the
capillary number, defined by the following equation:

=N u K
vc (12)

The functionality between the capillary number and the residual
saturation for both phases is described by the following model [34]:

Fig. 2. Oil recovery during a 2D flooding, comparing the results of this simu-
lator against UTCHEM and GPAS [11].

Fig. 3. Partition coefficient dependence on the salinity. In this example, ac-
cording to Eq. (8), the optimum volumetric concentration of salt in water (Vs opt

a
, )

is equal to 2%.
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The piecewise function is defined by constant parameters which
depend on the fluids and the porous medium being simulated. The re-
lationship between the residual saturation after chemical and water-
flooding processes is known as normalized residual saturation of phase
j. The form of Eq. (13) for both phases determines what is known as
capillary desaturation curves (Fig. 5). At low capillary numbers, the
behavior is similar to a process of waterflooding and the normalized
residual saturation is not decreased. As the IFT decreases and/or the
viscosity increases, the capillary number raises to higher values than
those of the secondary recovery. It is for this reason that in areas of high
speeds (i.e., nearby the wells) can be achieved oil saturation values
lower than those of waterflooding. As can be seen, the aqueous phase
requires much higher values of Nvc to achieve a full desaturation [8].

2.4. Relative permeabilities

Relative permeabilities influence Darcy's equation on the phase
velocities, and therefore the efficiency of oil recovery. They depend on
the residual saturations which were calculated in the previous section.
The model used to calculate the relative permeabilities is taken from

Fig. 4. Ternary phase diagrams for Type II(−) (left) and II(+) (right) systems (top) and their simplified representations (bottom) [9].

Fig. 5. Capillary desaturation curves for non-wetting (oleous) and wetting
(aqueous) phases used for this simulation.
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Camilleri [48,49], which is used for most chemical flooding processes.
Knowing beforehand the phase saturations, the relative permeabilities
are calculated according to the following formula:

= =k k S S
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r
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e
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where kr
j0 and e j represent the end point and the curvature of the
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j j . These values are calculated by the following equations:
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where kr
j H0 and e jH are the endpoint values of curvature and relative

permeability function system for water-oil without the presence of
chemical agents, respectively.

2.5. Phase viscosities

The viscosity of each phase depends on its composition as a function
of the volumetric concentration of each component, according to the
following function [34,48,49]:
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where k are constants, and µaH and µoH are the viscosities in the water-
oil system without surfactant, respectively. Nevertheless, in this work a
modification is proposed to the formulation presented in simulators
(e.g., UTCHEM) and the model developed by Porcelli [32], introducing
the dependence on the salt in the pure water/brine viscosity and re-
placing the latter in Eq. (17), according to the following expression
[50],

= + +( )µ µ A V B V1brine
a

sal s
a

sal s
a2

(18)

where Asal and Bsal are constants based on rheology experiments. For
the oil phase, as did before, a Newtonian behavior is adopted. Ac-
cording to the literature [51], light and medium oil cuts exhibit New-
tonian behavior while heavy oil might present a slight shear-thinning
region.

2.6. Adsorption

The adsorption process occurs when surfactant monomers and/or
micelles form onto the surface of the formation rock. In order for these
monomers to aggregate and form the micelles, the surfactant con-
centration must exceed the critical micelle concentration (CMC). This
phenomenon will cause a loss of surfactant in the porous medium,
making the whole process economically unfeasible in case of high rates
of adsorption [52,53]. The isotherm is rather dependent on the type of
surfactant, the characteristics of the rock and the type of electrolytes
present in the solution [54]. The adsorption of the surfactant by the
rock used in this simulator is described by the Langmuir monolayer
model [55]:

= +
+

Ad Z Ad
a Z

a Z
min ( ),

1c c c
c c

c c

1,

2, (19)

where a1 and a2 are adsorption parameters and Adc is a dimensionless
parameter representing the adsorbed volume of chemical component
per unit of volume of the porous media. Since it was assumed the fluids
are incompressible, adsorption is formulated on a volume basis. The
term a1 is a function of the salinity present in the reservoir, and a2 is
used to describe the adsorption process: when =a 02 is linear adsorp-
tion, and a 02 represents a Langmuir adsorption process. The main

difference in the latter lies in the fact that linear adsorption does not
limit the amount of surfactant loss in the rock whilst, as a2 increases, the
maximum adsorption losses are diminished.

= +a a a C( )SE1 11 12 (20)
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a

div div temp ref (21)

The terms a11 and a12 are constant parameter obtained from la-
boratory experiments and CSE is the effective salinity. The latter takes
into account the concentration of dissolved salts in the aqueous phase,
thermal effects and the fraction of total divalent cations bound to sur-
factant micelles [35].

2.7. Capillary pressure

The capillary pressure is defined as the difference between the non-
wetting (oleous) and the wetting (aqueous) phases. This parameter is
usually defined as a function of the water saturation. In this paper this
relationship is described by the following power-law equation [8]:

=p C
K

S S
S S

1
1c H

a or

ar or

n

(22)

where C is a constant parameter and n defines the curvature of the
function. The capillary pressure parameter C relates the capillary forces
in the three component system (petroleum, water and chemical) to the
capillary forces in the oil-water system.

3. Results and discussions

3.1. Introduction

The proposed surfactant flooding in this paper begins in an oil field
which has been exploited during secondary recovery, rendering the oil
saturation close to the residual value. The reason behind this was to
study in more detail how the surfactant can mobilize the remaining oil,
counteracting the capillary trapping and increasing the overall perfor-
mance in the reservoir. After the initial surfactant slug a water bank is
used to drive the chemical agent and the oil bank towards the produ-
cing wells. The first stage of simulations in this paper comprises only
the physical phenomena under study, without the influence of the salt.
the second part will include the latter, presenting the results and a brief
discussion of its influence in the recovery process when the adsorption
is also considered.

3.1.1. Data
In order to perform the simulations, a series of properties were es-

tablished aimed at emulating a EOR recovery process in an oil reservoir,
showing as well the operating conditions for the wells (Tables 1–3).

3.2. Three-component system

The first part of the study of the process was carried out considering
negligible the influence of the salt in the partitioning component, phase
behavior and adsorption processes. The goal is to determine the influ-
ence of these phenomena on the oil recovery process. Subsequently, this
fourth component was added to the system in order to determine its
influence on the above-mentioned parameters. This section also in-
cludes the results of flooding processes considering several factors,
namely: random permeability fields, diffusion, capillary pressure and
adsorption. It is well known from previous studies that the phase be-
havior parameters are the most important factors affecting the recovery
efficiency [9]. This study is focused then in complement this previous
analysis, extending it to all the physical phenomena present in EOR
processes. The latter will be used as reference case for the analysis when
salt is considered and thus affects adsorption parameters in the
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mathematical model.

3.2.1. Influence of the rock compressibility
As described in the introduction, the permeable rock formations of

porous media are subject to a stress state caused by the pressure of fluid
contained therein, plus the burden of the rock structure atop of it. This
stress-state causes a deformation resulting in the modification of the
pore volume, and therefore affects the fluid flow during oil recovery
processes. Previous publications [9,31,56–58] do not consider this
phenomenon, which could lead in certain cases to a significant differ-
ence in both the final values obtained, and also in the time necessary to
achieve those values. In this model the rock compressibility was in-
cluded to take account this phenomenon and also to study its influence
on the recovery efficiency in surfactant EOR. This alters the nature of
pressure equation, transforming it into a system of parabolic PDE (when
the compressibility is zero, the system becomes elliptical).

In order to study the influence of the compressibility, different
possible values were evaluated for rock formations, presented in
Table 4 and Fig. 6, based on previous literature, without varying the
phase behavior parameters, since they are independent of the me-
chanical properties of the porous medium.

The oil recovery values are significantly lower as the compressibility
is increased (Fig. 6 - top left and Fig. 7). This is because that increasing
the pore volume decreases the phase velocity in the formation, which
reduces the capillary numbers of each phase, and desaturation of the oil
phase decreases. However, the most affected parameter is the recovery
time as well as the chemical breakthrough occurrence (Fig. 6 - top

right). Both exhibit a marked dependence on compressibility values for
> ×c 7.25 10r

9 Pa1/ . As the latter decreases the values approach to
those from the reference case ( =c 0r ). Pressure drop values were also
influenced by the compressibility (Fig. 6 - bottom), and although they
did not significantly change their values, their occurrence times did.

Figs. 7 and 8 show the oil saturation and rock formation porosity,
respectively, for different stages of the recovery process. As can be seen
in Fig. 8, compressibility values lower than ×1.45 10 9 Pa1/ generate
variations in porosity considered negligible in the final simulation.
Nonetheless, when = ×c 7.25 10r

9 Pa1/ and = ×c 1.45 10r
8 Pa1/ ,

these values are significantly different from the reference porosity and
so are the production and recovery values. The porosity and thus the
total pore volume is also time dependent, as it depends on the reservoir
pressure. In case of surfactant flooding this variation may be noticeable,
but only in the case of high compressibilities. In different EOR processes
(e.g. polymer flooding) the pressure drop due to the polymer injection
could render higher variation, especially in the injection well area,
which cannot be longer neglected. The shape and values on these
profiles (Fig. 6 - top left and 8) do not change significantly and only
differences in the final values are observed as well as the time required
to achieve them, as already mentioned above.

3.2.2. Influence of the diffusion coefficient
The dispersion of the chemical species is described through the

dispersion coefficient in the continuity equation as a result of the ap-
plication of Fick's law to multiphase flow in porous media [34,59].
However, in this case the surfactant may be present in both phases, so
the coefficient for dispersion in the oil phase is added. The results of its
influence are shown in Table 5 and Fig. 9 for different values of the
dispersion coefficients. The influence of this phenomenon with respect
to the advective component is represented by the dimensionless Peclet
number. For high values of Pe, dispersion becomes negligible and the
mass transport is driven only by advective phenomena. When Pe 1,
the dispersion is of the same order as the advective terms and therefore
should be taken into account in the model [9]. In this study we have
assumed negligible the longitudinal and transversal components of the
dispersion tensor (Eq. (3)). Moreover, previous first-order simulators
added a numerical diffusion component to the solution of Eq. (2), which
caused a similar effect to the physical diffusion, decreasing the recovery
efficiency. This problem was solved in this simulator, which uses a
second-order discretization scheme with a TVD flux-limiter function,
decreasing noticeably the influence of numerical effects.

The increase in D disperses the chemical slug and the peak value of

Table 1
Physical and numerical parameters.

Geometrical Data of the Reservoir
Total length

axis X
500m Total

length axis
Y

500m Field thickness 5 m

nx elements 25 ny elements 25 blocks
Rock Properties
Porosity 0.25 kxx 200 mD kyy 200 mD
Initial Conditions
So 0.36 So

r (EOR) 0.35 =S Sa
rH

o
rH 0.15

Simulation Data
Total time 6000

days
Chem. inj.
time

200 days zcIN 0.025

Physical Data of the Phases
µaH 1 cP µoH 5 cP Oil density 850 kg m/ 3

Water density 1020
kg m/ 3

IFT 50 mN m/

Table 2
Wells operating parameters.

Physical Data
Number of wells 2 Well radius 0.25m Skin

factor
0

Operating Conditions
Total flowrate 1650

STB day/
Bottomhole
pressure

55160 kPa

Table 3
Auxiliary parameters used for the simulations.

IFT Capillary Pressure Adsorption

G1 −1.7 G2 −0.02 C 0 n 1 a1 0 a2 0

Viscosity Residual Saturation Relative Permeabilities

1 0 2 0 To
1 −0.25 Ta

1 −0.50 kr
oH 1 kr

aH 0.2

3 1 To
2 1.57 Ta

2 −0.70 eoH 1.5 eaH 1.5

Table 4
Oil recovery efficiency as a function of the rock compressibility.

cr kc =L Lpc
a

wc
o Oil recovered

– – m3 %OOIP

1.45 0.5 1 42030 37.4
145 0.5 1 41809 37.2
725 0.5 1 39976 35.5
1450 0.5 1 37776 33.6
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the chemical slug plummets. Thus, the petroleum concentration profiles
are also dispersed and slightly delayed, such as reported by Porcelli
[33]. The effect of dispersion of the surfactant causes a decrease in the
recovery factor, rendering higher oil residual saturations after the EOR
process. In the case of polymer EOR flooding, this is due to a decrease in

the viscosifying properties; in a surfactant flooding, the decrease is due
to the interfacial properties, which are function of the surfactant con-
centration. The increased dispersion also causes the chemical break-
through occurs first, but surfactant peak flowrates decrease. This causes
the flow of oil in the producing well be higher during early stages of the

Fig. 6. Oil recovered (top left), surfactant flowrates (top right), and pressure drop (bottom) as a function of time for different rock compressibilities in a surfactant
flooding.

Fig. 7. Oil saturation profiles at the end of the EOR process for = ×c Pa1.45 10 1/r
11 (left) and = ×c 1.45 10r

8 Pa1/ (right).

Fig. 8. Rock formation porosity profiles at the end of the EOR process for = ×c Pa1.45 10 1/r
9 (left) and = ×c 1.45 10r

8 Pa1/ (right).
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simulation but then, when the chemical concentration decreases, oil is
trapped and the final recovery efficiency declines. This is shown in
Figs. 10 and 11, where petroleum and chemical profiles are presented
for different values of dispersion coefficients. This behavior also occurs
for different values of phase partitioning parameters and in Type II (+)
emulsion systems the reduction in the recovery efficiency is increased,
which was verified in the simulator (Fig. 11). The occurrence of the
chemical breakthrough is also affected differently as a function of the
emulsion type (Fig. 9), with the Type II (+) water-in-oil emulsions
being more affected by the dispersion tensor.

3.2.3. Influence of the capillary pressure
In this section the results of the study of the capillary pressure are

presented along with its influence on oil recovery processes with che-
micals. The parameters in Eq. (22) were selected according to previous
literature [29,33,35,60], and the results are presented in Table 6. The
maximum value for the capillary pressure is reached when the water
saturation is at its residual value, whilst it becomes zero when the oil
saturation is equal to its residual saturation value.

When the capillary pressure is taken into account, numerical in-
stabilities appear in 1D models [33,34]. Porcelli [33] described this
problem clearly as the stability limit is a function of the derivative
dP dS/c (in case of incompressible rock formation with constant per-
meability fields). In the paper, she modified the spatial grid increasing
numerical diffusion in order to achieve numerical stability. The de-
crease of the grid in a first-order scheme caused an increase in the in-
fluence of the numerical diffusion, which also helped to achieve the
stability. During this research with a 2D model, no significant stability
problems were found with the grid chosen, which may be in part re-
lated to the numerical scheme used. These simulations were performed
using different constants values for the two possible types of two-phase
emulsions. These values are consistent with those previously reported
by Porcelli regarding the sensitivity to the capillary pressure in systems
Type II(−) and II(+).

The influence of the capillary pressure in oil recovery with surfac-
tants in Type II(−) emulsions is negligible and the values obtained are
virtually identical, both in chemical and oil breakthroughs occurrence
as well as in the final recovery efficiency. In the case of Type II(+)
systems, the influence of the capillary pressure becomes more notice-
able, although its effect is much lower compared to those from the
phenomena studied earlier in this paper (Table 6). Oil and chemical

breakthroughs occur before those taken as reference. As in the case of
the 1D model, the capillary pressure remains constant both before and
after the chemical slug: in the first case is the value of the capillary
pressure for the system with the oil saturation after waterflooding; in
the second, since the oil saturation is at its residual value, the capillary
pressure is zero. It is only in the chemical bank that capillary pressure
values vary (Fig. 12).

As conclusion, in a chemical surfactant flooding process in re-
servoir-scale models, with high pressures, capillary pressure can be
neglected without making significant mistakes in the numerical simu-
lation. However, in laboratory-scale models, with very low injection
pressures, capillary pressure effects should be considered when the
phase behavior represents a Type II(+) emulsion. For systems Type II
(−) it can be also neglected without making major mistakes in the
results and times obtained regarding the oil recovered.

3.2.4. Influence of adsorption
The last part of this section dealing with a three-component simu-

lator aims at presenting the influence of adsorption in a surfactant EOR
process. The adsorption can significantly affect the process of a che-
mical EOR flooding, both from a technical and economical perspectives.
In order to study the effects from the point of view of the recovery
factor, several simulations were performed varying the parameters in
Eq. (19) (Table 7 and Fig. 13). A reference case without adsorption was
taken as a benchmark for the study. The parameter a1 determines the
level of adsorption of the chemical in the rock, determined by the
physical and chemical properties of both. The parameter a2 determines
the type of adsorption process: linear or Langmuir.

The adsorption causes a detriment in the recovery efficiency, and
has a much greater influence than the other physical phenomena pre-
sented here. This is evidenced in a greater extent during a linear ad-
sorption process (Fig. 13). These results and trends coincide with those
presented previously [9], as well as those results reported by Porcelli
and Bidner [31,33,34,56]. The adsorption process decreases the re-
covery efficiency and delays the occurrence of chemical and oil
breakthroughs (Fig. 14). It is noteworthy the difference in the last one is
not due to a modification of the surfactant slug velocity but for the
amount of surfactant reaching the producing well, since it is evident
from Fig. 14 that the peak in the concentration at the well remains
practically unaltered.

The maximum values of chemical concentration and their point of
occurrence for a given time change according to the values of the
constants a1 and a2. The maximum value is inversely-proportional to a1
and directly-to a2. The chemical bank is delayed by the phenomenon of
adsorption, retarding its breakthrough in the producing well. This
phenomenon is more pronounced for Type II(+) emulsions, where the
influence of adsorption became more noticeable (Fig. 15). This was
already noted by Porcelli [33] in a 1D model. The cause of such in-
crease in the sensitivity is that in such systems the major concentration
of chemical is present in the oil phase, which moves in the porous
medium at a lower velocity than the aqueous phase, thus increasing the

Table 5
Oil recovery efficiency as a function of the rock diffusion coefficient.

Dc kc =L Lpc
a

wc
o Oil recovered Dc kc =L Lpc

a
wc
o Oil recovered

– – m3 %OOIP m s/2 – – m3 %OOIP

5 0.5 1 42434 37.7 5 2 1 71392 63.5
10 0.5 1 38827 34.5 10 2 1 66268 58.9
20 0.5 1 33791 30.0 20 2 1 60003 53.3

Fig. 9. Oil recovered in Type II(−) (left) and Type II(+) (right) as a function of time for different diffusion coefficients in a surfactant flooding.
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rate of adsorption. This influence is directly proportional to the parti-
tion coefficient (Figs. 15 and 16). Therefore, for such systems, this
phenomenon should be carefully studied and analyzed as it could lead
to the total failure of the recovery processes with surfactants. This will
depend on the characteristics of the rock formation and the surfactant
type (e.g. anionic, zwitterionic) but it is recommended that the

adsorption should not be neglected in surfactant EOR processes.
Moreover, the design of novel agents should consider the adsorption
rates as one of the key parameters during the synthesis and subsequent
testing.

3.3. Four-component system

The second part of this study comprises the study and discussion of
an EOR process considering a fourth component, namely the salt. On
this simulator there is no difference between mono- or divalent salt ions
in the simulator, although it is reported in the literature that divalent
cations have a more significant influence in the surfactant adsorption
rates. This difference cannot be neglected if the brine used during the
EOR process or the content of salts in the reservoir presents a significant
percentage of divalent cations. The scope of the study in this paper is to
analyze the influence of salt content on the adsorption of chemical
species onto the rock formation. The simulations performed in this
section considered a porous media with several initial salt contents,
both below and above the critical salt concentration. This describes the
possible two-phase systems in porous media, Type II(+) and II(−),
together with different contents of salt in the injection water (brine), in

Fig. 10. Surfactant concentration (after 1000 days) considering a diffusion coefficient of =D m s5 /2 (left) and =D 10 m s/2 (right) with a Type II(−) emulsion.

Fig. 11. Oil saturation profiles at the end of the EOR process considering a diffusion coefficient of =D m s5 /2 (left) and =D 10 m s/2 (right) with a Type II(+)
emulsion.

Table 6
Oil recovery efficiency as a function of capillary pressure.

kc =L Lpc
a

wc
o C Oil recovered

– – kPa m m3 %OOIP

0.5 1 0 42160 37.5
0.5 1 30000 41505 36.9
2 1 0 75931 67.5
2 1 15000 74792 66.5
2 1 30000 74623 66.3

Fig. 12. Capillary pressure profile (in kPa) after 3000 days for a Type II(+)
emulsion, with =C kPa m30000 .

Table 7
Oil recovery efficiency as a function of the adsorption coefficients for different
types of emulsion and adsorption processes.

kc a1 a2 Oil recovered kc a1 a2 Oil recovered

– – – m3 %OOIP – – – m3 %OOIP

0.5 0 0 42160 37.5 2 0 0 75931 67.5
0.5 0.15 3 37589 36.9 2 0.15 3 65755 58.5
0.5 0.25 3 28846 67.5 2 0.25 3 49148 43.7
0.5 0.6 3 12540 66.3 2 0.6 3 15208 13.5
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order to study the influence of salinity with the injection process [61].
In the adsorption this was taken into account considering the salt
content in the constant a1 (Eqs. (20) and (21)), analyzing different va-
lues of the parameter a12. These results were then compared to those
obtained in a reference case (without adsorption).

3.3.1. Influence of the salt component on the adsorption
The final series of simulations in this paper are aimed at studying

the influence of adsorption when the salt is considered in the system.
This affects Eq. (20), specifically the parameter a12. Since an isothermal
system is assumed and moreover the presence of divalent cations is
negligible, the effective salinity is equal to the salt concentration in the
aqueous phase (Eq. (21)). This influence was studied considering dif-
ferent values for the variable a12, under similar operational and salinity
conditions (Table 8 and Fig. 17). For all the cases, it was assumed the
same initial salt content in the reservoir, but the brine injected was
modified, modifying therefore the partition coefficient and the emul-
sion type.

As in the three-component system, the phenomenon of adsorption
causes a detriment in the recovery efficiency, which has both opera-
tional and economic consequences. As expected, the recovery factor is
inversely proportional to the values of a12 (Fig. 17). The objective is to
determine the degree of influence of this phenomenon and this variable
in the whole adsorption process. When the salt content originates Type
II(+) emulsions in the reservoir, the adsorption influences more sig-
nificantly than when the salt is below the critical value, creating Type II
(−) emulsions. The cause of this major influence was already explained
in the previous section (see point 3.2.4) and is due to the degree of
chemical partition and the Darcy phase velocities in the rock formation.

As concluded previously, the adsorption must be studied carefully be-
fore starting a process of chemical EOR, as incorrect estimation of these
values may result in the total failure of the process. This effect should be
considered in further detail when using surfactant which create water-
in-oil emulsions, since the chemical partition and the phase velocities
increase the adsorption losses, which ultimately affects to a greater
extent the recovery factor.

4. Conclusions

This paper aimed at extending the study of a novel surfactant
flooding simulator, considering the influence of the different physical
phenomena present in underground media. With this respect, a pre-
viously published two-dimensional simulator for four pseudo-compo-
nents, two phase flow, was applied to a series of EOR processes. The
physical model was described and later discretized using a system of
non-linear differential equations, solved by the finite differences
method, with an algorithm which was implemented in MathWorks
MATLAB®. The second-order numerical scheme coupled with the TVD
flux limiter functions allowed reducing the numerical errors and the
appearance of artificial diffusion and dispersion phenomena in the
chemical front tracking.

The simplification of the ternary diagram showed to be a valid ap-
proach to model a surfactant process in a simple, but accurate way. The
phenomena studied in this paper affected negatively the recovery
process, when compared to ideal, benchmark cases. From all these ef-
fects the most relevant in terms of a decrease in the oil recovery factor
was the adsorption of the surfactant onto the rock formation. This was
more noticeable in Type II(+) emulsions (water-in-oil), due to the

Fig. 13. Oil recovered in Type II(−) (left) and Type II(+) (right) as a function of time for different adsorption rates and processes, compared to the respective
reference cases.

Fig. 14. Surfactant produced flowrates as a function of time for a Type II(−) (left) and Type II(+) (right) emulsions under different adsorption rates, compared to the
respective reference case.
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effect of the loss of chemical into the porous medium. The capillary
pressure, on the other hand, did not play a significant role in the re-
covery process, hence it can be neglected when EOR processes are being
simulated. The addition of the salt as a fourth component influenced

more notoriously the recovery process in Type II(+) emulsions, whilst
in Type II(−) the reduction in the recovery performance was sig-
nificantly lower.

All in all, even though the numerical validation has been done,
future work is considered necessary before a full field-scale application
of this model is carried out. It is deemed that lab-scale experiments
should be done in 2D or 3D models with surfactants to demonstrate the
applicability and potential of this novel EOR simulator. Core flooding is
also recommended, though it is advisable the employment of physical
models in which the area and volumetric sweeping efficiencies can be
also analyzed. Thus, this will allow setting the EOR agent parameters in
an accurate way before a field-scale application is pursued in order to
design novel EOR products. Surfactant EOR simulations showed the
potential of EOR methods to sweep the residual oil by means of redu-
cing the IFT. The model employed with the ternary diagram may pro-
vide a simple way to design chemical surfactant with specific properties
before experimental or field tests are performed.

Fig. 15. Surfactant concentration in a Type II(−) emulsion after 1000 days with =a 0.251 (left), and a Type II(+) emulsion after 3000 days with =a 0.251 (right).

Fig. 16. Oil concentration at the end of the EOR process in a Type II(−) emulsion with =a 0.251 (left), and a Type II(+) emulsion with =a 0.251 (right).

Table 8
Oil recovery efficiency as a function of the parameter a12, considering the ad-
sorption process in the reservoir.

Initial salt
content

Critical salt
content

Salt injected a11 a22 Oil recovered

% % % – – m3 %OOIP

1.5 2 0.5 0.05 0 38419 34.2
1.5 2 0.5 0.05 2.5 36660 32.6
1.5 2 0.5 0.05 5 35573 31.6
1.5 2 1 0.05 0 48641 43.2
1.5 2 1 0.05 2.5 41706 37.1
1.5 2 1 0.05 5 32123 28.6

Fig. 17. Oil recovered as a function of time for different sets of initial and injected salt concentrations along with the adsorption process: 1.5/0.5% (left) and 1.5/
1.0% (right).
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