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Summary

Permeability decline during corefloods with varying water com-
position, especially with low-salinity water, has been widely
reported in the literature. This effect can provide a relatively sim-
ple method for mobility control during waterflooding.

In this work, new basic equations for waterflooding with salinity
variations causing the detachment of fine particles, their migration,
and their straining are derived. The maximum concentration of
attached fine particles as a function of water salinity and saturation
is used to model the fines detachment. In large-scale approximation,
the equivalence between the model for two-phase flow with fines
migration and the adsorption-free polymer-flood model is estab-
lished, which allows applying a commercial polymer flood simula-
tor for modeling the waterflood with induced fines migration. The
modeling showed that the permeability decline in the water-swept
zone, caused by the alteration of the injected water composition and
induced fines migration, may be able to improve waterflood per-
formance by delaying water breakthrough, increasing sweep effi-
ciency, and reducing the water cut, thus providing a relatively
simple method for mobility control during waterflooding.

Introduction

Mobilization of fines with permeability decline caused by de-
creased water salinity, increased flow velocity, and altered water
pH or temperature, has been widely reported in the literature
(Mungan 1965; Bernard 1967; Lever and Dawe 1984; Valdya and
Fogler 1992; Khilar and Fogler 1998; Civan 2010). The effect is
usually attributed to the expansion of double electric layer
between the fine particle and rock surface, weakening of the total
grain-rock electrostatic attraction, and the consequent particle
detachment by drag and lifting forces (Fig. 1). The detachment of
fine particles leads to a slight increase in permeability, while the
plugging of the small pores causes significant permeability
decline.

In regard to two-phase flow, Muecke (1979) claimed that the
damaging fines particles are water-wet; their migration and strain-
ing inside the water phase results in decrease of relative perme-
ability for water (Fig. 2). On the basis of the laboratory studies
and the well-productivity analysis, Liu and Civan (1996), Bennion
and Thomas (2005), and Civan (2007) arrive at the same conclu-
sions about the nature of permeability damage during two-phase
flow of oil with low-salinity water in rocks.

The tests by Sarkar and Sharma (1990) show less permeability
damage caused by low-salinity water flow at the presence of re-
sidual oil than that for flow at the absence of oil. The higher the
water wetness, the larger the permeability reduction under the
presence of residual oil. The permeability reduction during low-
salinity coreflood under the presence of residual oil is almost neg-
ligible in oil-wet cores. This allows the authors to formulate the
fine particle lifting from the water-wet fraction of the rock surface
as a main mechanism of permeability damage during two-phase
flow with low-salinity water.

Usually, fines migration and size exclusion result in decline of
well productivity and injectivity, leading to the traditional view
that fines migration should be avoided. However, during water-
flooding, an induced reduction in the effective permeability to
water in the water-swept zone caused by fines migration may be
used to provide mobility control for improved performance of the
waterflood. This effect is similar to that of other enhanced-oil-re-
covery mobility-control techniques such as polymer flooding.
Reducing the salinity of the injected water appears to be the most
practical method of implementing mobility control by induced
fines migration, because other parameters controlling the release
of fines (pH, temperature, and velocity) are not easily altered.

In this paper, the feasibility of using this effect of the water-
phase permeability reduction for mobility control during low-sa-
linity waterflooding is investigated.

Hussein et al. (2012) aimed to confirm these effects of the
water-phase permeability reduction during high- and low-salinity
waterflooding in oil-saturated rock. The Berea core was cut into
three pieces. First, the potential for an intensive fine-particle
release by freshwater injection was checked—the flooding of the
first piece by water with decreasing salinity causes high perme-
ability decrease and an intensive fines production. Then, the high-
and low-salinity waterfloodings have been compared for the oil-
saturated second piece. It was first saturated by oil at the presence
of connate high-salinity water, with further displacement by the
same high-salinity water. Afterward, it was resaturated by oil in
the presence of connate high-salinity water with the following
low-salinity water injection. The observed decrease in the relative
permeability for low-salinity water, if compared with that for
high-salinity water, was explained by lifting and straining of fines
in the water-filled fraction of the porous space. Some decrease in
residual oil after the low-salinity water injection was attributed to
redirection of water into oil-filled pores by plugging of the water-
saturated pores by migrating fines. Finally, it was concluded that
the water-wet particles have been removed from the rock by mov-
ing low-salinity water, resulting in a decrease in relative perme-
ability for water and in increase in fractional flow for oil. The
conclusions agree with the mechanisms proposed by Muecke
(1979) and Sarkar and Sharma (1990). Yet only phase rates and
pressure have been measured during the tests. Measurements of
effluent salinity and fines concentration, microscope photos, and
mineralogical analysis of the produced fines would improve the
quality of the analysis.

Recent investigations of low-salinity waterflooding have
largely focused on the effects of water compositions on wettabil-
ity, relative permeability, capillary pressure, and residual oil satu-
ration (Tang and Morrow 1999; Yildiz and Morrow 1996; Pu et al.
2010; Jerauld et al. 2008; Takahashi and Kovcsek 2010; Berg et al.
2010; Cense et al. 2011; Mahani et al. 2011). Zhang and Morrow
(2006) and Morrow and Buckley (2011) suggest also that the for-
mation of lamellae and emulsions, stabilized by fines, their migra-
tion, and straining, may result in mobility control and redirecting
the water flux. Tang and Morrow (1999) and Fogden et al. (2011)
suggested another mechanism of oil-wet and mixed-wet fines
detachment by advancing water/oil capillary menisci; the resulting
straining may also decrease the water relative permeability and
increase oil recovery. These effects appear to be separate phenom-
ena from the fines lifted by low-salinity water and plugging of
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water-filled pores, but may occur simultaneously with fines migra-
tion. Some low-salinity coreflood studies have reported the release
of significant amounts of fines (Bernard 1967; Tang and Morrow
1999; Pu et al. 2010), while others showed no evidence of fines
migration (Lager et al. 2008; Jerauld et al. 2008; Rivet et al. 2010)
even though additional oil was recovered. In order to separate
these effects, the injections leading to fines lifting and permeabil-
ity decline are described in the current work as “fines-assisted
waterflooding.”* The present paper only considers the effects of
fines mobilization and capture to provide mobility control and
does not consider changes to the residual oil saturation or relative
permeability curves as a result of injecting low-salinity water.

The decision-making regarding the fines-assisted waterflood-
ing (i.e., applying low salinity or high pH waters) is based on the
results of laboratory-based mathematical modeling. Several mod-
els describing the release and capture of particles were developed.
Microscale models of the particle capture include population bal-
ance equations (Sharma and Yortsos 1987a, b, c; Bedrikovetsky
2008) and trajectory analysis (Payatakes et al. 1973, 1974). Fine
particle release is usually modeled by kinetics equations for the
detachment rate that is assumed to be proportional to the differ-
ence between the current and critical values of the detaching fac-
tors, such as velocity, salinity, pH, shear, and temperature (Liu
and Civan 1996; Tufenkji 2007; Ju et al. 2007; Rousseau et al.
2008; Yuan and Shapiro 2010; Civan 2010; Bradford et al. 2011a,
b). The kinetics rate equations were found to exhibit a delayed
response to an abrupt velocity rise or salinity decrease, which did
not agree with the near-instantaneous response observed in labo-
ratory experiments by Ochi and Vernoux (1998) and Bedrikovet-
sky et al. (2012). The alternative approach to the detachment
modeling is the maximum attached fines concentration rcr as a
function of the detaching factors U, c, and T, which exhibit the
core response without delay (Bedrikovetsky et al. 2011). Hence,
the maximum retention function model for fines detachment
rcr(U, c, T,…), was chosen for derivation of fines migration equa-
tions in a two-phase environment in the current investigation.

The introduction of the maximum retention function allowed
the effects of fines migration and permeability decline to be inte-
grated into the quasi-2D Dietz model for waterflooding in a layer-
cake reservoir (Lemon et al. 2011; Zeinijahromi et al. 2011). The
Dietz model was used because it provided a relatively simple
and transparent analytical solution. However, full separation of
phases, assumed in the Dietz model, rarely occurs in real oilfields.
Therefore, reservoir simulations of the fines-assisted waterflooding
in real oilfields must be performed using 3D numerical models.

The current paper extends the previous works (Lemon et al.
2011; Zeinijahromi et al. 2011) to address 3D modeling of water-
flood with fines migration.

The basic equations for two-phase flow with solute transport,
fines lifting, and migration in aqueous phase with the following

size exclusion are derived. The introduction of the maximum
retention function for a two-phase environment allows the model-
ing of the fine-particle detachment; it integrates the effects of fines
migration and permeability decline into the black-oil model for
two-phase flow. The large-scale approximation of the governing
system leads to an instant capture of released fines particles. The
large-scale system can be represented in the form equivalent to
that of the polymer-flooding model. The latter permits us to take
advantage of the available polymer-flooding simulator for model-
ing of the low-salinity waterflood with induced migration of fines.
The reservoir simulation of induced-fines-migration waterflooding
is performed for heterogeneous formations. Two types of hetero-
geneity are considered: SPE-9 and five-layer-cake reservoirs.
Injection of low salinity waterflooding with induced fines migra-
tion is found to be more effective for large scale heterogeneity
with highly correlated flow paths, where it may result in signifi-
cant sweep improvement.

The structure of the text is as follows. First, the maximum
retention function as a model for fine particle detachment during
two-phase flow is introduced. Then, the mechanism of mobility
control improved oil recovery caused by induced fines migration
and formation damage is presented. This is followed by the deri-
vation of governing equations for a two-phase flow with salinity
alteration, fine-particle mobilization, their migration in water, and
straining. Then, the simplified model for large-scale approxima-
tion is presented. Next, the fines-assisted waterflood model in
large-scale approximation is shown to be equivalent to the poly-
mer-flooding model. The results of simulation of low-salinity
waterflooding with fines mobilization and its comparison with
normal waterflooding and polymer flooding conclude the paper.

Modeling Fines Release and Permeability Decline
With Altered Injected-Water Chemistry

In this section, the maximum concentration of movable in-situ
fines such as dispersed clay particles or mineral crystals attached
to a rock surface as a function of water salinity and saturation is
introduced in order to model the fine-particle detachment by flow-
ing low-salinity water.

The classical filtration theory describes particle detachment
with consequent migration and pore plugging for a single-phase
flow. This model includes a mass-balance equation for particles
with a sink term for particle retention and a source term for parti-
cle dislodging (Tufenkij 2007; Civan 2007, 2010; Bradford et al.
2011a, b). The kinetic relationships for particle detachment
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Fig. 1—Forces exerted on the attached fine particle during flow
in porous media (torque balance on a single particle): (a) Fine
particles attached to water-wet and oil-wet surfaces; (b) torques
on a fine submerged in water.
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assume that the rate is proportional to the differences between the
detaching factors (velocity, salinity, pH, and shear) and their criti-
cal values (Tufenkji 2007; Yuan and Shapiro 2010; Bradford
et al. 2011a, b); here, the critical values correspond to mobiliza-
tion of the “first” particle [see Miranda and Underdown (1993)
and Khilar and Fogler (1998) for theoretical definition and labora-
tory determination of the critical values). Particle retention, repre-
sented by the filtration coefficient, is described by a rigorous
theory that considers particle/grain and particle/particle interac-
tions, flow velocity, Brownian diffusion, and gravitational sedi-
mentation (Nabzar et al. 1996; Chauveteau at al. 1998; Tufenkji
and Elimelech 2003; Rousseau et al. 2008). On the contrary, the
detachment-kinetics coefficients are empirical constants deter-
mined usually by turning to experimental data (Ju et al. 2007;
Tufenkji 2007), a process that requires extensive laboratory stud-
ies. Another shortcoming of the advective/diffusive model with
particle-detachment kinetics is the asymptotical stabilization of
the retention concentration and permeability with time tending to
infinity. It causes a delayed response to an abrupt change in fluid
velocity or composition contradicting the near-instant response
observed in the laboratory experiments (Ochi and Vernoux 1998;
Khilar and Fogler 1998; Bedrikovetsky et al. 2012). The fines mo-
bilization occurs with the breaking of the force or torque equili-
briums on the micro scale (Bergendahl and Grasso 2000; Civan
2007; Bradford et al. 2011b). Nevertheless, the classical filtration
model, including a recent advance with a migrating layer of
attached particles (Li et al. 2006; Yuan and Shapiro 2010), does
not reflect the mechanical equilibrium of a fine particle. The cur-
rent two-phase models with particle release also use the kinetics
expressions for the detachment rate (Liu and Civan 1996; Ju et al.
2007; Ju and Fan 2009; Sbai and Azaroual 2011).

The modified particle-detachment model (Appendix A) uses
the maximum (critical) retention function rcr(e), (Eqs. A-15
through A-17) instead of a kinetics expression to describe the par-
ticle detachment rate (Bedrikovetsky et al. 2011). Here, r is the
attached fines concentration, rcr is its maximum value, and e is
the ratio between the detaching and attaching torques (so-called
erosion number). In this model, the particle capture continues
according to the classical deep-bed filtration theory until the con-
centration of retained particles reaches its maximum, determined
by the static equilibrium of the forces exerting a fine particle.
Changes to fluid velocity or composition may abruptly reduce the
maximum retained concentration below the current critical
retained concentration, causing the instantaneous release of the
fine particles. To simplify the model, all particles are assumed to
be spheres of equal radii and of the same material. Pores are rep-
resented by cylindrical tubes and are distributed by radius. These
assumptions are significant and require the model to be matched
to laboratory data before its use. However, the maximum reten-
tion function is a reference characteristic of the rock and fluid.
Therefore, once it is matched to a specific set of data, the effects
of changes to velocity or water composition can be investigated
without the need for additional laboratory data.

It is assumed that fine particles can be mobilized by water
phase (Figs.1a and 2). The main forces considered acting on a par-
ticle located at the surface of a pore or on the internal particle
cake are drag, lifting, buoyancy, and a total electrostatic force
(Khilar and Fogler 1998; Bergendahl and Grasso 2000; Bradford
et al. 2011b; Bedrikovetsky et al. 2011). Drag and lifting forces
are caused by the flow of fluid over a particle and act to detach
the particle from the pore wall (Fig.1b). Both forces increase with
increasing of the linear flow velocity, particle radius, and the fluid
viscosity (see the explicit expressions in Eqs. A-1 and A-2). For
small particles of low to moderate density, the buoyancy force is
insignificant compared to the magnitude of the other forces;
hence, it can often be ignored. The total electrostatic force
describes the interaction of a particle and the pore wall at very
small separations and is independent of fluid velocity. For the pur-
poses of the model describing the fine particle lifting, the total
electrostatic force is taken as the maximum value of the sum of
the van der Waals, electrical double layer and Born forces as

described by the Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory (Derjaguin and Landau 1941; Israelachvili 2006)
(see Eqs. A-4 and A-5). The van der Waals force depends primar-
ily on the Hamaker constant and is largely independent of changes
in water composition (Hunter 2001). However, the electrical dou-
ble layer force does depend on water composition, specifically
ionic strength and pH. Therefore, it is through the electrical dou-
ble layer force that changes to absolute salinity that concentra-
tions of all ions, temperature, and pH affect the force balance and
the maximum retention concentration. Typically for clastic reser-
voir rocks, the total attractive electrostatic force decreases as the
water salinity decreases because of expansion of the double elec-
trical layer. The dependency on pH is usually more complicated.
A limitation of this modeling approach is that, to be accurate, it
must consider all significant forces acting on a particle. The previ-
ously described forces are considered to be the most significant,
although other forces exist, such as non-DLVO surface forces
(Khilar and Fogler 1998; Israelachvili 2006; Takahashi and Kovs-
cek 2010).

Concentration of attached fine particles does not only depend
on the absolute salinity but also on the specific ionic composition
including the relative concentration of multivalent ions (Ligthelm
et al. 2009). That idea is expressed by the so-called Scheuerman
diagrams (Scheuerman and Bergersen 1990), which describe the
thermodynamic stability for different types of clay as a function
of single- and double-valent ions.

The static equilibrium of a particle is determined by the bal-
ance of torques from the forces shown in Fig. 1 (Freitas and
Sharma 2001; Schembre and Kovscek 2005; Civan 2007; Takaha-
shi and Kovcsek 2010).

Fdld þ Flln ¼ ðFe þ FgÞln: ð1Þ

The expressions for forces are presented in Appendix A.
The dimensionless erosion number is introduced as the ratio

between the detaching and attaching torques at the absence of
attached fine particles:

e ¼ Fdld þ Flln
ðFe þ FgÞln

; ð2Þ

where Fd, Fl, Fe, and Fg are drag, lifting, electrostatic, and gravi-
tational forces, respectively; ld and ln are the corresponding levers
for the drag and normal forces. A particle is released if the total
attaching torque exceeds the total detaching torque (see Eq. 1).
This may occur because of an increase in the drag and lifting
forces (because of an increase in flow velocity) or because of a
decrease in the electrostatic force (because of a decrease in the
water salinity or other change in water composition). The maxi-
mum concentration of retained particles is a function of the ero-
sion number for any porous media. The derivation of equation

r ¼ rcrðeÞ ð3Þ

for an average cylindrical capillary of the porous medium is based
on the torque force equilibrium (see Eqs. A-7 through A-15). Eq.
3 for size-distributed capillary is determined by averaging (see
Eqs. A-16 and A-17).

Let us compare the particle detachment model (Eqs. 3, A-17)
with laboratory test data. Mungan (1965) has performed core-
flooding with stepwise salinity decrease. The Berea sandstone
contained kaolinite and illite clays. The clay minerals were identi-
fied by X-ray diffraction. The test shows the significant perme-
ability decline (Fig. 3a) and the appearance of the mobilized fines
in the effluent production. During the NaCl salinity decrease from
30,000 to 1 ppm, the permeability declined from 190 to 25 md.
Other parameters included the porosity of 0.20, injection velocity
U¼ 1.6446�10–5 m/s, and average pore radius of 8 lm. Pores
were log-normally distributed between 0.1–30 lm, with a stand-
ard deviation of 5 lm. The explicit formulae for calculation of
maximum retention concentration for each pore size (Eqs. A-15
through A-17), based on the torque balance of attaching and

. . . . . . . . . . . . . . . . . . . . .
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detaching forces, have been adopted. The Hamaker constant A132,
particle radius rs, formation damage coefficient b and drag and
lifting constants x and v have been chosen as tuning parameters.
Minimization of the modeling data deviation from the laboratory
data, using the standard ranges of the five parameters variation,
gave the following: A132¼ 1.3�10–20 J, rs¼ 0.3 lm, b¼ 55,
x¼ 40, and v¼ 48.8. A good agreement between the experimen-
tal data and the micromodeling results (Fig. 3a for permeability
decline, Fig. 3b for the maximum retention function) validates the
theoretical concept of the maximum retention function (Eqs. 3
and A-15 through 17).

Khilar et al. (1983) has also performed corefloods with decreas-
ing salinity of the injected water. The main observations also con-
sisted of permeability decrease and the appearance of the released
fine particles at the core outlet (Fig. 4a). The Berea sandstone con-
tained 8% (w/w) of the dispersible kaolinite and illite clays. The
outlet clay particle concentration was measured during the test.
During the stepwise decrease in injected water ionic strength from
0.5 to 0.0002 M, permeability decreased by 73 times. The injection
interstitial velocity was U¼ 7.126�10–5 m/s. Other parameters
used for the test included the porosity at 0.19 and the average pore
radius at 10 lm. Pores were log-normally distributed between
0.1–50 lm, with a standard deviation of 10 lm. Minimization of
the modeling data deviation from the laboratory data, using the
standard ranges of the parameters variation, gave the following:
A132¼ 2.6 �10–20 J, rs¼ 0.8 lm, b¼ 850, x¼ 10, and v¼ 650.
Figs. 4a and 4b show a fairly good agreement between the labora-
tory data and the modeling-based prediction, which validates the
proposed mathematical model for fine particle detachment,
expressed by the maximum retention function.

The shape of the maximum retention function [rcr (e) in Figs 3
and 4] shows that the salinity required to release all mobile par-

ticles is greater than zero. This has significant practical implica-
tions because it demonstrates that not only fresh water can release
of all the attached particles.

Fig. 5 shows the results of matching of the theoretical model
(Eqs. A1 through A3) with the laboratory data on the sequential
coreflood by water with the decreasing salinity (Lever and Dawe
1984).

The rock permeability decreased in a coreflood experiment
with a natural sandstone core sample by water with decreasing sa-
linity (Fig. 5a). The permeability continuously decreased from
140 to 12 md, with the decrease of water salinity from 30 g/L to
essentially zero (distilled water). Because the concentration of
strained particles is equal to the concentration of detached par-
ticles minus the concentration of particles produced at the core
effluent, the curve of stabilized permeability vs. the salinity curve
in Fig. 5 could be recalculated into the maximum retention func-
tion (Eqs. 1 through 3, Eqs. A-15 through A-17) (Fig. 5b). The
following data were used for this transformation: flow velocity
U¼ 10–6 m/s, b¼ 160, Hamaker constant A132¼ 0.8�10–20 J, par-
ticle size¼ 1 lm, and drag and lifting factors x¼ 60 and v¼ 649,
respectively. The log-normal pore-size distribution was assumed,
where the mean (5 lm) and the standard deviation (5 lm) have
been matched by permeability and porosity. Because flow veloc-
ity is unavailable from the original paper, the sensitivity with
respect to flow velocity has been performed. All theoretical points
as calculated by Eqs. A-15 through A-17 are located on the same
maximum retention curve. Yet the experimental points corre-
sponding to different velocities lay on the different curves rcr (e)
(see blue, green, and red points in Fig. 5b). The curve rcr (e), as
obtained for an average pore of the rock, was matched adequately
with the experimental points for velocity U¼ 10–6 m/s.
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Fig. 5 shows a good agreement between the data of the core-
flood with stepwise decreasing water salinity and the maximum
retention in a single cylindrical capillary as obtained for different
flow velocities. As more parameters have been controlled in the
tests by Lever and Dawe (1984) compared with the two previous
tests, the maximum retention function as matched by these experi-
mental data will be used for reservoir simulations further in this
paper.

Fine particle release during gradual water saturation increase
is shown in Fig. 1a. It is assumed that the oil-wet and mixed-wet
fines, attached to the rock surface accessible to mobile oil, cannot
be detached by drag and lifting forces exerting from the mobile-
oil phase. Water-wet particles are immersed in the connate water
films and cannot be mobilized by the moving oil because it is
assumed that the connate water cannot be mobilized (Fig. 2). The
particles are released by detaching forces in mobile water. Arrival
of low-salinity water weakens the attaching electrostatic force and
the detaching forces entrain the fines. Therefore, the attached fines
concentration remains the same in oil-filled pores. It is assumed
that the detachment in water-filled pores is determined by torque
balance and is described by the maximum retention function (Eqs.
1 through 3 and Eqs. A-15 through A-17):

raðUw; c; sÞ ¼
rcrðUw; cÞAwðs; cÞ þ ra0½A� Awðs; cÞ�

A
;

Uw ¼ Uf ðs;rsÞ
.
sð/� ra � rsÞ � � � � � � � � � � � � � ð4Þ

Here, Uw is an interstitial velocity of water. If compared with the
maximum retention function for a single-phase flow (Eq. 3), the
two-phase model for fine particle detachment (Eq. 4) accounts for
saturation dependencies of water velocity (Yuan and Shapiro
2011) and of the rock surface fraction accessible to flowing water
(Zeinijahromi et al. 2011b).

At the constant salinity, the fractions of the rock surface acces-
sible to moving water and oil depend on saturation. Because wett-
ability of rock changes with salinity decrease, these fractions of
rock surface are also salinity-dependent. Therefore, the maximum
retention concentration (Eq. 4) is also a function of saturation
(Yuan and Shapiro 2011):

ra ¼ rcrðe; sÞ: ð5Þ

Fig. 1a shows the fine particle release from the moving-water-
exposed surface during gradual water saturation increase. The
mobilized particles are initially water-wet fines or those with
alternated wettability after the freshwater arrival (Berg et al.
2010, Cense et al. 2011).

Following Pang and Sharma (1997), Bedrikovetsky et al.
(2001), and Mojarad and Settari (2007), it is assumed that the
inverse of the normalized permeability k (r)/k0 is a linear function
of the retained particle concentration:

k0

kðrÞ ¼ 1þ br; ð6Þ

where b is the so-called formation damage coefficient. Eq. 6 cor-
responds to first-order Tailor’s expansion of monotonically
increasing function on the left side of the equation. More complex
dependencies include second-order expansion or using the expo-
nent on the left side of Eq. 6, yet those contain more empirical
constants that must be determined from laboratory data. The for-
mation damage coefficient for straining is assumed to be much
greater than that for attachment [i.e., the detachment of fines
causes a negligibly small permeability increase, while the plug-
ging of pore throats results in a significant decrease in permeability
(Fig. 1b)]. Therefore, r in Eq. 6 corresponds to the concentration
of strained particles.

Later in the text, the maximum retention function (Eqs. 4 and
5) will be used to model fines detachment and the formation-dam-
age function (Eq. 6) will be applied in the modified Darcy’s law
to describe a decrease in water relative permeability caused by
straining of the mobilized fines.

Mechanism for Improved Sweep Efficiency
Caused by Fines Migration

These observations—that fines migration can cause permeability
decline because of changes in water composition (Eqs. 4 through
6)—are sufficient to warrant the consideration of the effects of
induced fines migration on waterflooding. During a waterflood,
the rapid breakthrough of water can be a significant problem,
leading to high water cut at producing wells and lower volumetric
sweep efficiency. The problem is particularly pronounced for a
mobility ratio significantly greater than unity or where the varia-
tion of permeability across the reservoir is significant. Mobility-
control techniques, such as polymer flooding, may be employed
to reduce a high mobility ratio by increasing the viscosity of the
injection water or decreasing the effective permeability to water
of the reservoir in the water-swept zone behind the flood front
(Lake 1989). Such techniques decrease the fractional flow of
water in the reservoir and thus decrease the water cut at the pro-
ducing wells. The volumetric sweep efficiency is also improved.
Fines release, caused by the alteration of the chemistry of the
injected water, and the consequent decrease in permeability, may
be able to provide the mobility control and hence the ability to
improve waterflood performance (Zhang and Morrow 2006;
Lemon et al. 2011; Zeinijahromi et al. 2011). Because the mobili-
zation of fines by changing the chemistry of the injected water
can only take place in the water-swept zone, only the effective
permeability to water of the reservoir is decreased, reducing the
mobility ratio. However, the main disadvantage of mobility con-
trol is that, for a given injection rate, the induced formation dam-
age results in an increased injection pressure.

Fig. 6 shows the lateral displacement of oil by water in a heter-
ogeneous reservoir with low-permeability zones adjacent to the
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Fig. 5—Maximum retention function fitted to experimental data
by Lever and Dawe (1984): (a) permeability decline with de-
crease of injected water salinity; (b) attached fines concentra-
tion vs. erosion ratio.
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reservoir top and bottom, and high permeability in the central
layers. In the thin reservoir under consideration, the gravity
effects are negligible. The continuous curve corresponds to the
displacement front under normal waterflooding. Water propagates
preferentially in the highly permeable central zones, with slow
displacement of the oil in low-permeability zones near to the res-
ervoir top and bottom. A further slowing of the displacement front
in the low-permeability zone occurs after water breakthrough in
central highly permeable zones and the creation of an injector/
producer channel filled by high-mobility water. The formation
damage induced by mobilized fines in the swept zone tends to ho-
mogenize the permeability distribution across the reservoir (see
the dashed curve in Fig. 6) and diverts the injected water into
unswept areas. Hence, the induced formation damage causes the
delayed breakthrough period and improved sweep efficiency for a
given volume of injected water.

In the next section, the mathematical model describing the
improved sweep efficiency caused by fines migration and size
exclusion is derived.

Basic Equations for Fines Migration Under
Two-Phase Flow

Let us discuss a system of two-phase flow in porous media with
varying water salinity, resulting in the fine particles lifting. Fol-
lowing Muecke (1979), it is assumed that the water-wet particles
are transported by the water phase (Fig. 2). The detached forces
mobilize water-wet fines that have been water-wet originally or,
according to Berg et al. (2010) and Cense et al. (2011), became
water-wet after the arrival of low-salinity water; the mobilization
occurs if the detaching torque of drag and lifting forces exceeds
the attaching torque of electrostatic and gravity forces (Eq. 1). It is
assumed that the detached fines are inert (i.e., they are intact and
keep their integrity during detachment). The effects of clay swel-
ling are assumed to be negligible. For simplicity, we assume that
the volumetric concentrations of attached and retained particles
are negligibly small comparing to the porous space (i.e., the reten-
tion of fine particles does not affect the porosity). It is assumed
that the initial salt concentration is the critical salt concentration
for the reservoir fines, ra0¼rcr (ci) (i.e., the reservoir fines start
leaving the rock surface with the decrease of salt concentration
starting from c¼ ci). We also assume that the dissipation effects of
diffusion and capillary pressure are negligibly smaller than those
of fines straining. Alteration of water salinity affects the attached
concentration more strongly than does the velocity alteration;
therefore, the velocity dependency of the maximum concentration
of attached fines is neglected (Eq. 4). The permeability damage by
fines straining is significantly higher than that caused by attach-
ment. Other assumptions include constant temperature, incompres-
sibility of water and oil, and constant water and oil viscosities.

Volumetric balance of the overall flux of incompressible water
and oil is

r~U ¼ 0: ð7Þ

Volumetric balance for incompressible water is (Lake 1989)

/
@s

@t
þ Urf ðs;rsÞ ¼ 0; ð8Þ

where the fractional flow function accounts for the reduction of
relative phase permeability for water according to Eq. 6:

f ðs; rsÞ ¼ 1þ kroðsÞlwð1þ brsÞ
krwðsÞlo

� ��1

ð9Þ

and ~U is a 3D vector of the overall water-oil flux:

~U¼ðux; uy; uzÞ :

The mass balance of suspended, attached, and retained particles is

@

@t
½/scþ ra þ rs� þ Ur

!
ðcf Þ ¼ 0: ð10Þ

Here it is assumed that no fine-particle attachment occurs in
the reservoir during the injection of water without fines. Particle
detachment occurs during injection of low-salinity water into the
oil field, where the attached fines with maximum concentration
are in contact with water with continuously decreasing salinity
[i.e., the attached concentration is determined by the maximum
retention function (Eq. 4), where drag and lifting forces are deter-
mined by interstitial velocity of water (Yuan and Shapiro 2011)].
Eq. 4 means an instant particle release governed by the torque
balance.

Size-exclusion capture of mobilized fine particles in small
pores is described by the equation of the linear kinetics (Bedriko-
vetsky 2008):

@rs

@t
¼ kscUf : ð11Þ

Here, the straining rate is proportional to water flux f(s)U because
the mobilized fine particles are transported by the water phase.

The mass balance of salt in the aqueous phase assumes low
salt concentration not affecting the aqueous phase density qw:

@

@t
½/c� þ r

!
ðc~UÞ ¼ 0: ð12Þ

The modified Darcy’s law for two-phase flow accounting for per-
meability damage to water is

U ¼ �k
krwðsÞ

lwð1þ brsÞ
þ kroðsÞ

lo

� �
rp: ð13Þ

The important difference between the particle release under
one phase and two-phase flows is the saturation dependency of
the maximum retention function. It reflects the fine-particle
release from the rock surface exposed to moving water only.

Finally, the system of governing equations for two-phase oil/
water flow with fines mobilization, caused by the decrease in
water salinity and the consequent reduction of relative permeabil-
ity for water, consists of seven equations:
� Volumetric balance for incompressible flux of carrier water

and oil
� Volumetric balance for incompressible water
�Mass balance for suspended, attached, and strained particles
� Maximum concentration of attached fine particles as a func-

tion of interstitial water velocity, salinity, and saturation
� Size-exclusion retention rate
� Advective mass transfer of salt in porous space with retained

fines
� Modified Darcy’s law accounting for permeability reduction

caused by fines straining
These represent Eqs. 7, 8, 10, 4, and 11 through 13, respec-

tively. This system determines seven unknowns: ra, s, p, c, c, rs,
and U.

The initial conditions corresponding to injection of low salin-
ity water into an oil-bearing formation include initial water satura-
tion and initial concentrations of salt and of attached particles,
zero values of suspended and strained fines. Boundary conditions
on the injection wells include rate, unit fractional flow for water,
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Fig. 6—Schematic for incremental sweep efficiency by induced
fines migration.
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salt concentration, and zero concentration of suspended fines.
Well bottomhole pressure is a boundary condition at the produc-
tion wells. The dimensionless form of the governing equations is
presented in Appendix B.

The previously described system describes fines-assisted
waterflooding for all length scales, from core to a reservoir. Yet,
as is shown in the next section, the system can be significantly
simplified at the reservoir scale.

Large-Scale Approximation

Let us derive the asymptotical form of the system (Eqs. B-2
through B-8) of oil/water flow in porous media with fines migra-
tion for large reservoir scale. The distance that the fine particle
travels before being strained (the free run length of the particle)
during deep-bed filtration is equal to the reciprocal filtration coef-
ficient (Sharma and Yortsos 1987a, b, c; Nabzar et al. 1996; Chau-
veteau et al. 1998). In large scale, the particle free run is
negligible if compared with the reservoir length:

1

ks
� L

i.e., the dimensionless filtration coefficient for straining:

ksL� 1: ð14Þ

Tending ksL to infinity on the left side of Eq. B-4 under limited
retention rate and flow velocity results in the dimensionless sus-
pended concentration tending to zero. Thus, ignoring the sus-
pended concentration in Eq. B-4 yields

@

@t
ðSa þ SsÞ ¼ 0

i.e.,

Ss ¼ 1� Saðe; sÞ: ð15Þ

Eq. 15 means that in large-scale approximation, where the free
particle run length is negligible if compared with the inter-well
distance, the lifted fines are immediately captured by size exclu-
sion in porous media. The amount of strained fine particles
becomes equal to the amount of mobilized fines.

Accounting for Eq. 15, the system of governing equations
(Eqs. 7, 8, 10, 4, and 11 through 13) is transformed to the follow-
ing equations for the total volumetric balance for water and oil:

rðuÞ ¼ 0 ð16Þ

of volume balance for water

@s

@tD
þ urf

�
s; 1� Saðe; sÞ

�
¼ 0 ð17Þ

where the fractional flow and maximum retention functions are

f
�

s; 1� Saðe; sÞ
�

¼ 1þ
kroðsÞlw

�
1þ bra0

�
1� Saðe; sÞ

��
krwðsÞlo

2
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3
5
�1

Sa ¼ Saðe; sÞ; e ¼ e c; Uf
.
/s

� �

of mass balance for salt is

@ðcsÞ
@tD

þ urðcf Þ ¼ 0 ð18Þ

and the modified Darcy’s law for two-phase flow and permeability
damage in pores where water moves is

u ¼ � lokrwðsÞ
lw

�
1þ bra0

�
1� Saðe; sÞ

��þ kroðsÞ

2
4

3
5rP: ð19Þ

The large-scale approximation system of four equations (Eqs.
15 through 19) describes low-salinity waterflooding with fines lift-
ing, migration, capture, and subsequent permeability damage. The
number of unknowns in this system is also reduced to four: satura-
tion s, pressure P, salt concentration c, and total velocity of two-
phase flux u. The initial conditions include the initial values of
water saturation, salt, and attached fines concentrations. Boundary
conditions on injection wells include rate, unit fractional flow for
water, and concentration of injected salt. Well bottomhole pressure
is a boundary condition at production wells. The system in Eqs. 15
through 19 describes the fines-assisted waterflooding at large length
reservoir scale, where the reference size highly exceeds the length
of the free run of the fine particle. The laboratory-scale coreflood,
where the core size has the same order of magnitude as the free run
length, is described by the full system (Eqs. B-2 through B-8).

In the next section, we transform the model for water/oil flow
with fines migration into the system of equations for polymer
flooding, for which the reservoir simulator already exists.

Using Polymer Flooding Simulator For Modeling
the Fines-Assisted Waterflooding

The system of governing equations (Eqs. 15 through 19) for fines-
assisted waterflooding in a system of wells in heterogeneous res-
ervoirs can be solved by numerical methods (Yuan and Shapiro
2011). The numerical code would be similar to that for chemical
flooding. Yet if a reservoir simulator with an open source code is
not available, already-existing commercial simulators for polymer
flooding can be used for modeling of the fines-assisted water-
flooding. It can be achieved by the mapping of the model for
fines-assisted waterflooding onto equations for polymer flooding.
Appendix C presents equivalence between the polymer-flooding
model (Eqs. C-1 through C-6) and Eqs. 15 through 19. Here, Eq.
C-8 expresses polymer concentration through water salinity; Eq.
C-9 expresses the adsorbed polymer concentration through con-
centration of mobilized fines, and the expression for residual re-
sistance factor is given by Eq. C-11.

Viscosity of the aqueous fines suspension with varying salinity
is assumed to be constant and equal to water viscosity. Because
the mass-balance equation for salt is mapped on the mass-balance
equation for polymer, the viscosity of the polymer solution also
becomes equal to constant water viscosity. Therefore, the only
mobility control physics factor in the mapped polymer flood
model is the resistance caused by polymer adsorption.

The mapping transforms (Eq. C-3) of mass balance for poly-
mer accounts for adsorption in Eq. 18 of mass balance for salt
without adsorption. Therefore, the expression in Eq. C-9 translat-
ing adsorbed polymer concentration in the concentration of
released fines contains the small parameter d. It allows neglecting
salt adsorption but accounts for resistance factor caused by
adsorbed polymer/strained fines (Eq. C-12).

Modeling Displacement in Homogeneous
Five-Spot Pattern

The polymer injection black-oil model (Schlumberger 2010) was
used to simulate the displacement of oil by water in five-spot pat-
tern of a homogeneous one-layer reservoir. The adsorption iso-
therm was calculated using the formula in Eq. C-9 for the
maximum retention function obtained from data of Lever and
Dawe (1984) (Fig. 5). The residual resistance factor is assumed to
be 10. The reservoir and fluid data are as follows: permeability
150 md, oil viscosity 50 cp, layer thickness 30 ft, size of the reser-
voir 2,500�2,500 ft, injection rate of 1,100 bbl/d, initial water sat-
uration 0.15, residual oil saturation 0.12, krwor¼ 0.49, and krowr¼
0.9, respectively. Fig. 7 presents the areal saturation field for both
scenarios. Fig. 7a shows the distribution of injected water and the
oil displacement just after the breakthrough time for the normal
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waterflood, whereas the saturation distribution at the same moment
after injection of low salinity water is shown in Fig. 7b. Injection
of freshwater, mobilization of fines, consequential permeability
decrease in swept zone, and slowdown of the displacing water
results in the prolongation of the dry water-free production period.

The results of waterflooding after 1 PVI are shown in Fig. 8.
Except of some neighborhoods around the injection well, oil satu-
ration in the pattern varies around 0.64 during the normal water-
flood (Fig. 8a) while during fresh waterflooding, most of the
pattern area is saturated by oil and water with saturation of 0.44
(Fig. 8b). Therefore, the injection of fresh water results in signifi-
cantly lower residual oil saturation. Consequently, the recovery
factor for the case of freshwater injection (Figs. 7b, 8b) is higher
than that for normal waterflooding (Figs. 7a, 8a).

Reservoir Simulation in Five-Layer-Cake
0Five-Spot Pattern

Let us discuss reservoir simulations of waterflooding using nor-
mal and fresh water in a five-spot pattern of a five-layer-cake res-

ervoir (Fig. 9a and b). Values for permeability and thickness of
the layers are presented in Table 1, with permeability increasing
top down. The results are presented in Fig. 9 after injection of 0.6
PVI. The figure shows the top view of the high-permeability
layer; the side and top views are presented for the quarter of the
pattern for layers 1 through 4. The highly permeable layer at the
moment of 0.6 PVI is completely swept in the case of freshwater
injection (Fig. 9b), while a significant amount of residual oil
remains in the highly permeable layer during normal waterflood-
ing (Fig. 9a). The residual oil in the swept zone is significantly
lower for fresh waterflood than it is for normal waterflood.

Comparison Between Normal Waterflood, Fines-
Assisted Waterflooding, and Polymer Injection

In this section, the recovery during normal waterflood, fines-
assisted waterflooding, and polymer injection are compared for
the case of displacement in the five-spot pattern. Two cases of res-
ervoir heterogeneity are discussed: the five-layer-cake reservoir
and areal heterogeneity SPE-9 (Schlumberger 2010). First,
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Fig. 7—Improved areal sweep in five-spot pattern during fines-assisted waterflooding before the breakthrough: (a) sweep for nor-
mal waterflooding; (b) saturation field for fines-assisted waterflooding.
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Fig. 8—Improved areal sweep in five-spot pattern during fines-assisted waterflooding after the breakthrough: (a) sweep for normal
waterflooding; (b) areal saturation distribution over the flow pattern during fines-assisted waterflooding.
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waterflooding in a monolayer five-spot pattern with areal hetero-
geneity SPE-9 was calculated (see blue continuous production
curve in Fig. 10). Then, permeabilities and thicknesses of five
layers have been selected to match the recovery-factor curve for

the five-spot pattern with areal heterogeneity SPE-9; the corre-
sponding parameters are given in Table 1. The recovery factors
for normal waterflooding are 32% for both reservoirs (Table 2).
The difference between the blue continuous and dashed produc-
tion curves in Fig. 10 does not exceed 1.5%; the recovery factors
are equal at the moment tD¼ 0.6 PVI.

Inducing the formation damage by fines mobilization results in
an increase of the injection pressure under the constant injection
rate for both polymer injection and fines-assisted flooding. Usu-
ally, the rate program with decreasing q(t) is designed for each
reservoir case to keep the injection pressure below the fracturing
pressure. Here, the rate program as well as the program for poly-
mer concentration was taken from a polymer injection pilot test
implemented in the Daqing oil field in China (Wang et al. 2008).
The same rate program is used for the reservoir simulation of nor-
mal and fines-assisted waterfloodings.

Stepwise-decreasing polymer concentration and increasing
injection rate were used in the Daqing pilot test. The polymer slug
injection is carried out in four phases:

1. Polymer slug with concentration of 1,000 ppm was injected
for 4.5 years at the constant rate of 245 stb/d.

2. Polymer slug with concentration of 700 ppm was injected
for 9.3 years at the constant rate of 315 stb/d.

3. Polymer slug with concentration of 400 ppm was injected
for 9 years at the constant rate of 420 stb/d.

4. This is followed up by water drive injection for the next 20
years.

In the programmed polymer slug, viscosity decreases from 40
cp on the slug front to 1 cp in the water drive. The polymer vis-
cosity multiplier function lw (cp)/lw (0) is set to vary from unity
at Cp¼ 0 to forty at Cp¼ 1,000 ppm [see Schlumberger Informa-
tion Solutions (SIS) 2010]. Fluid properties are also taken from
the Daqing test: oil viscosity lo¼ 9 cp, initial reservoir pressure
pres¼3000 psi, initial water saturation swi¼ 0.15, and maximum
adsorption of HPAM polymer¼ 0.043 ppm. The polymer does
not desorb in the water drive. The residual resistivity factor (RRF)
is assumed to be 1.1.

Freshwater is also injected in a slug mode. A sensitivity study
was conducted with respect to slug size. Increase of slug size
results in the recovery factor increase, which gradually tends to
that of the continuous freshwater injection. Yet the bottomhole
injection pressure and the pressure drop across the reservoir grad-
ually increase with increasing slug size. Therefore, there is a slug
size with a recovery factor almost the same as that of the continu-
ous freshwater injection, but with the significantly lower injection
bottomhole pressure. These sizes have been found to be 0.04 PVI
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Fig. 9—Schema of well placing and oil saturation during water-
flooding of five-layer cake reservoir after 0.4 PVI: (a) normal
waterflooding; (b) fines-assisted waterflooding.

TABLE 1—PERMEABILITY DISTRIBUTION IN FIVE-LAYER

CAKE RESERVOIR

Layer 1 2 3 4 5

Permeability (md) 5 10 20 30 150

Thickness (ft) 49 90 79 39 29
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Fig. 10—Recovery factor.

TABLE 2—RECOVERY FACTOR AFTER 0.6 PVI

Reservoir

Model SPE-9

5-Layer

Reservoir

Waterflood 32% 32%

Low-salinity waterflood

with fines migration

40% 40%

Polymer flooding 43% 43%

Incremental recovery by

low-salinity waterflood

relative to normal

waterflood DRF/RFWF

0.25 0.25
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for the layer-cake reservoir and 0.06 PVI for the reservoir with
SPE-9 heterogeneity.

The parameters of fines release and straining are taken from
the experimental data by Lever and Dawe (1984) (Fig. 5) (i.e., it
is assumed that these two reservoirs have the same properties as
the core, used in the previously mentioned test). The RRF¼ 14.
The polymer viscosity multiplier function lw (cp)/lw (0) is set to
be unity in order to model freshwater injection.

Fig. 10 shows the incremental recovery for waterflood with
fines and for polymer flooding compared with normal waterflood-
ing. The recovery factors in five-layer-cake and SPE-9 reservoirs
almost coincide, and the coincidence is exact at the moment of
0.6 PVI. The recovery with fines-assisted waterflooding (40%) at
the moment 0.6 PVI is significantly higher than that for normal
waterflooding (32%) and slightly lower than for polymer flooding
(43%) (see Table 2). Therefore, fines-assisted waterflooding and
polymer flooding both result in significant sweep-efficiency
improvement if compared with that of the normal waterflood.

The induced formation damage caused by fines particle strain-
ing causes a significant decrease in production rates of water
(Fig. 11). The reduction in the accumulated volume of produced
water during low salinity flooding is significantly lower than during
normal waterflooding and not noticeably higher if compared with
polymer flooding: the amount of produced water at the moment
tD¼ 0.6 PVI in layer-cake reservoir for fines-assisted waterflood-

ing is 3.7 times lower than with the normal waterflooding; for poly-
mer injection it is 4.6 times lower than with the normal
waterflooding. If compared with normal waterflooding in the reser-
voir with heterogeneity SPE-9, application of fines-assisted water-
flooding results in reduction of produced water twice; application
of polymer flood reduces the amount of produced water 2.8 times.

The same relationship holds for water cut in production wells.
Fines-assisted waterflooding significantly decreases water cut if
compared with normal waterflooding (Table 3). Polymer injection
brings further reduction in water cut if compared with low-salinity
flood (Fig. 12). Fig. 12 also shows the relationship between break-
through times. The breakthrough time for fines-assisted water-
flooding is significantly higher than that for normal waterflooding
and lower than that for the polymer injection.

Higher bottomhole injection pressures are required for fines-
assisted waterflooding (because of the induced permeability
decline) and for polymer flooding (because of high viscosity of
the polymer solution). For the case under investigation, the bot-
tomhole pressure increase for polymer injection is higher than
that for low-salinity flooding as depicted in Fig. 13.

Conclusion

The present work considers the simplified mechanism of oil re-
covery by low-salinity waterflooding; the model derived describes
the decrease of relative permeability to water caused by release of
fines by advancing low-salinity water caused in turn by expanding
of the double electric layer and weakening the electrostatic force
attaching fines to the rock surface. As was shown by Muecke (1979)
and Sarkar and Sharma (1990), the damaging fines are mobile only
in the water phase (Fig. 2). The equilibrium of fines is described by
the torque balance of forces exerted upon the particles immersed in
water phase. These effects explain the reduction in relative perme-
ability for water and the consequent incremental recovery during
low-salinity waterflooding observed by Hussein et al. (2012).

Compared with the previously derived fines-migration model
in a one-phase environment with mobilization caused by flow-ve-
locity increase, the model with fines lifting caused by the change
in water salinity contains an extra equation for salt mass
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Fig. 11—Volume of produced water vs. time.

TABLE 3—FIELD WATER CUT AFTER 0.6 PV OF INJECTION

Reservoir

Model SPE-9

5-Layer

Reservoir

Waterflood 0.78 0.75

Waterflood with fines migration 0.6 0.58

Polymer flooding 0.53 0.56
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Fig. 12—Field water cut.
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conservation. The alterations in the particle mechanical equilib-
rium by changes of both fluid velocity and salinity are captured
by the erosion number, which depends on both factors. The maxi-
mum retention concentration for two-phase flow becomes a func-
tion of not only erosion number but also of saturation. It is
assumed that the permeability reduction factor caused by particle
capture is applied only to the permeability for the water phase.
The governing system for two-phase flow with fines mobilization,
migration, and capture contains seven equations.

The modified particle-detachment model with the maximum
retained particle concentration as a function of water salinity was
validated for single-phase flow of water through its comparison
with laboratory-test data from the literature. The laboratory vali-
dation of this hypothesis for two-phase flow of immiscible water
and oil is still required.

The large-scale approximation of the governing system of equa-
tions corresponds to an instant capture of mobilized particles. It
reduces the number of equations in the governing system to four.

The large-scale equations for fines-assisted waterflooding can
be solved numerically and used in open-source code reservoir
simulators.

The large-scale model for two-phase flow with fines becomes
equivalent to the two-phase immiscible-flow model for polymer
flooding. The equivalence is established by the introduction of
vanishing salt adsorption and resistivity factor for water phase,
caused by adsorption. Therefore, the effects of fines release and
capture because of changes in the composition of injected water
can be included in the black-oil model for polymer flooding.
Although only one example of the decreasing of salinity of the
injected water was considered, a similar modeling process could
be followed for the alteration of any property of the injected water
that results in the release of fines, such as pH, concentrations of
different ions, and temperature. The equivalence of the models
allows using the commercial simulators with a polymer-flooding
option for modeling the fines-assisted waterflood.

The restriction of independence of the polymer adsorption of
saturation, which is typical for the commercial reservoir simula-
tors, corresponds to independence of the maximum retention
function of saturation. Because the salinity front lags behind the
saturation front, the fines detachment occurs in the reservoir areas
where oil saturation is close to the residual saturation, allowing
the fixing of the constant residual oil saturation in the maximum
retention function.

The discussed effects of fines-assisted waterflooding can be
sound in the reservoirs with significant fines content in the rock
that can be released by injected low-salinity water. In this case,
the main improved recovery mechanism would be the permeabil-
ity reduction in swept areas by the mobilized and strained fines
and the consequent diversion of the injected water into unswept
zones. This results in a prolongation of the “dry” water-free pro-
duction period, reduced water cut during the initial after-the-
breakthrough period, and reduced residual reserves.

For the modeled field case, the recovery factor after 0.6 PVI
increases from 32% for normal waterflooding to 40% at the fines-
assisted waterflooding, and up to 43% at programmed polymer
slug injection. If compared with normal waterflooding, application
of fines-assisted flooding results in a 2- to 3.7-times decrease in
produced water; application of polymer flooding decreases the
amount of produced water 2.8 to 4.6 times. Fines-assisted flooding
results in significant reduction of water cut and increase of the
breakthrough time if compared with the normal waterflood; the
water-cut reduction and waterless production period increase with
polymer flooding are higher: water cut decreases from 0.77 to 0.59
because of fines-assisted flooding being 0.55 for polymer flooding
after 0.6 PVI. Yet the induced fines migration results in increase of
the pressure drop across the reservoir or in the injection-rate
decrease because of decrease of permeability in the swept zone.

Whether fines migration is the most relevant mechanism in
low-salinity waterflooding is debatable because, apart from sup-
porting evidence, there are plenty of contradicting observations.
Detailed laboratory studies must be performed to resolve this

doubt in every specific situation of mineral composition of rock,
water, and oil chemistry.

Nomenclature

A ¼ area, L2, m2

A132 ¼ Hamaker constant, MLT–2, J
c ¼ concentration of suspended particles

ca ¼ polymer adsorption concentration
cp ¼ polymer concentrations in the aqueous phase

cp
0 ¼ polymer concentrations in the injected water

C ¼ normalized concentration of suspended particles
f ¼ fractional flow of water

Fd ¼ drag force, MLT–2, N
Fe ¼ electrostatic force, MLT–2, N
Fg ¼ gravitational force, MLT–2, N
Fl ¼ lifting force, MLT–2, N
hc ¼ cake thickness, L, m
H ¼ reservoir thickness, L, m
k ¼ absolute permeability, L2, mD

kB ¼ Boltzmanńs constant, MLT–2h–1, J/K,
ko ¼ initial absolute permeability, L2, mD

kro ¼ oil relative permeability
krw ¼ water relative permeability

ld ¼ lever for drag force, L, m
ln ¼ lever for normal force, L, m
L ¼ reservoir length, L, m

M ¼ ratio between viscosities of water and oil
n ¼ pores density in a cross section, L–2, m–2

p ¼ pressure, ML–1T–2, Pa
P ¼ dimensionless pressure
q ¼ volumetric flow rate, L3T–1, m3/s

rp ¼ particle radius, L, m
rs ¼ pore radius, L, m

Rk ¼ resistance factor
s ¼ water saturation

Sa ¼ dimensionless concentration of attached particles
Ss ¼ dimensionless concentration of strained particles

t ¼ time, T, s
tD ¼ dimensionless time
T ¼ temperature, K, h
u ¼ dimensionless velocity of the overall two-phase flux

up ¼ averaged velocity in a single capillary, LT-1, m/s
U ¼ overall flow velocity, LT–1, m/s
V ¼ potential, MLT–2, J

VBR ¼ Born potential, MLT–2, J
VDLR ¼ double electric layer potential, MLT–2, J
VLVA ¼ London-van-der-Waals potential, MLT–2, J

W ¼ reservoir width, L, m
x ¼ linear co-ordinate, L, m

xD ¼ dimensionless length
y ¼ dimensionless velocity
b ¼ formation damage coefficient
c ¼ brine ionic strength, molL–3, mol/lit
ci ¼ reservoir initial brine ionic strength, molL–3, mol/lit
c0 ¼ ionic strength of the injected brine, molL–3, mol/lit
e ¼ torque ratio(erosion number)
j ¼ inverse Debye length, m, L
ks ¼ filtration coefficient for straining, L–1, 1/m
lo ¼ oil dynamic viscosity, ML–1T–1, cp
lw ¼ water dynamic viscosity, ML–1T–1, cp
qo ¼ oil density, ML–3, kg/m3

qw ¼ water density, ML–3, kg/m3

r ¼ volumetric concentration of captured particles
ra ¼ volumetric concentration of attached particles

rao ¼ initial volumetric concentration of attached particles
rcr ¼ maximum volumetric concentration of captured particles
rs ¼ volumetric concentration of strained particles
/ ¼ porosity

/c ¼ cake porosity
v ¼ lifting coefficient

w01 ¼ surface potential of particle, mV, MLT–2
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w02 ¼ surface potential of collector, mV, MLT–2

x ¼ dimensionless drag constant
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Appendix A—Calculation of the Maximum
Retention Function

Let us calculate the maximum retention function for a bundle of
parallel capillary distributed by radius with density distribution
function f(rp). Fig. 1b shows the forces exerting a single fine parti-
cle on the surface of an internal filter cake or of a pore. The drag
force is given by the expression (O’Neill 1968; Altmann and Rip-
perger 1997; Bergendahl and Grasso 2000) derived from the ana-
lytical solution of the Navier-Stokes equations for flow around a
finite-size particle fixed on the plane

Fd ¼
xplr2

s upðrpÞ
rp � hc

; ðA-1Þ

where the dimensionless drag constant x is an empirical coeffi-
cient varying in the range of 10–60.

The general form of the lifting force is given by

Fl ¼ vr3
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qlupðrpÞ3

ðrp � hcÞ3

s
ðA-2Þ

where the lifting coefficient v is given as 48.8 by Kang et. al.
(2004), while Altmann and Ripperger (1997) gave a value of
1,190. A similar expression is used by Akhatov et al. (2008). The
general form (Eq. A-2) was obtained using the derivations by
Saffmann (1965, 1968).

More precise formulae (Eqs. A-2 and A-3) for particles with
sizes comparable with the pore radii can be obtained by numerical
solutions of Navier-Stokes equations using computational fluid
dynamics software packages.

The expression for buoyancy force is

Fg ¼
4pr3

s

3
Dqg: ðA-3Þ

The total electrostatic force is derivative of the potential energy

Fe ¼ �
@V

@h
; ðA-4Þ

where the total energy is the sum of the London-van-der-Waals
double electric layer and Born potentials, given by the so-called
DLVO (Derjagin-Landau-Verwey-Overbeek) theory (Derjagin
and Landau 1941; Gregory 1981; Elimelech et al. 1995; Khilar
and Fogler 1998; Israelachvili 2006):

VLVA¼ �
A132

6

2ð1þ ZÞ
Zð2þ ZÞ þ ln

Z

2þ Z

� �� �
; Z ¼ h

rs

VDLR¼
e0Ders

4

2w01w02ln
1þ expð�jhÞ
1� expð�jhÞ

� �

� ðw2
01 þ w2

02Þln
�

1� expð�2jhÞ
�

2
664

3
775

VBR ¼
A132

7560

rLJ

rs

� �6
8þ Z

ð2þ ZÞ7
þ 6� Z

Z7

" #

V ¼ VLVA þ VDLR þ VBR: � � � � � � � � � � � � � � � ðA-5Þ

Here, A132 is the Hamaker constant; h is the surface-to-surface
separation length; e0 is the electric constant (permittivity of free
space); De is the dielectric constant; w01 and w02 are the surface
potentials of particles and collectors-grains, respectively; rs is the
particle size; and rLJ is atomic collision diameter in Lennard-Jones
potential (Landau and Lifshitz 1980). The inverse Debye length j is

j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2
P
�iz2

i

e0DkBT

� �s
;

where kB is the Boltzmanńs constant, �i is a bulk ith ion concen-
tration as defined by the number of ions per unit volume, zi is a
valence of the ith ion, and e is the electron charge e¼ 1.6�10–19

C. For aqueous solutions under normal temperature, this formula
simplifies as

j ¼ 0:73 	 108
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

Cmiz2
i

q
;

where Cmi is the molar ith ion concentration in moles/m3 (Elime-
lech et al. 1995).

Following Frietas and Sharma (2001), we assume that

lD

ln
¼

ffiffiffi
3
p

: ðA-6Þ

Substitution of the expressions for forces (Eqs. A-1 through A-3,
Eq. A-6) into the torque balance (Eq. 1) yields

1þ 4pr3
s

3Fe
Dqg� v

ffiffiffiffiffiffiffiffi
qFe

p

l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l3r6

s upðrpÞ3

r3
p 1� hc

.
rp

� �3

F3
e

vuuuut
¼

ffiffiffi
3
p

xplr2
s upðrpÞ

rp 1� hc
.
rp

� �
Fe

:

ðA-7Þ

Introducing dimensionless velocity y in capillary

y ¼ lr2
s upðrpÞ

rp 1� hc

.
rp

� �
Fe

ðA-8Þ

yields the cubic equation with respect to unknown y1/2:

y
3=2 þ

ffiffiffi
3
p

xpl
v
ffiffiffiffiffiffiffiffi
qFe

p y�
1þ 4pr3

s

3Fe
Dqg

� �
l

v
ffiffiffiffiffiffiffiffi
qFe

p ¼ 0;

y ¼ F

ffiffiffi
3
p

xpl

v
ffiffiffiffiffiffiffiffi
qFe

p ;

1þ 4pr3
s

3Fe
Dqg

� �
l

v
ffiffiffiffiffiffiffiffi
qFe

p

0
BB@

1
CCA

ðA-9Þ

so dimensionless velocity x is a function of two dimensionless pa-
rameters. The expression for cake thickness hc(rp) follows from
Eq. A-8:

hcðrpÞ ¼ rp �
lr2

s upðrpÞ
Fey

: ðA-10Þ

The overall velocity U in the parallel bundle of capillary follows
from the Poiseuille formula

U ¼ � pn

8l

ð1
0

r4
pf ðrpÞdrprp ðA-11Þ

n ¼ /

p
ð1
0

r2
pf ðrpÞdrp

; ðA-12Þ

where the capillary density in the cross section can be determined
from porosity.

The averaged velocity in a single capillary,

upðrpÞ ¼ �
pr3

p

8l
rp; ðA-13Þ

can be expressed through the average velocity accounting for Eqs.
A-11 and A-12 as

upðrpÞ ¼

pr2
p

ð1
0

r2
pf ðrpÞdrp

/
ð1
0

r2
pf ðrpÞdrp

U: ðA-14Þ
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The concentration of attached particles is

rcrðUÞ ¼ npð1� /cÞð1
0

r2
p �

�
rp � hcðrpÞ

�2
� �

f ðrpÞdrp:
ðA-15Þ

Substitution of Eqs. A-10 through A-14 into the expression for
attached concentration in Eq. A-15 results in an explicit expres-
sion for the maximum retention function rcr(U).

For a single tube, the torque ratio is a function of average
cross-sectional velocity u(rp):

eðrpÞ ¼
ffiffiffi
3
p

Fd þ Fl

Fe þ Fg

¼

ffiffiffi
3
p

xplr2
s upðrpÞ

rp
þ vr3

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qlu3

pðrpÞ
r3

p

s

Fe þ Fg
:

ðA-16Þ

Substituting the expression for average velocity in each capillary
(Eq. A-14) into Eq. A-16, and calculating the averaged value for
the torque ratio,

eðUÞ ¼
ð1
0

eðrpÞf ðrpÞdrp ðA-17Þ

results in the same functional dependency of rcr on average veloc-
ity U as in Eq. A-16. Therefore, the rcr dependency of averaged
torque ratio follows from Eq. A-17.

Appendix B—Dimensionless Equations for
Waterflood With Fines Migration

Introducing dimensionless coordinates, time, and concentrations
into a system of basic equations for two-phase immiscible flow
with fines migration (Eqs. 7, 8, 10, 4, and 11 through 13):

xD ¼
x

L
; tD ¼

1

/LWHðt
0

qðsÞds; Sa ¼
ra

ra0

; Ss ¼
rs

ra0

;C ¼ /c

ra0

;U0 ¼
q

WH
;

u ¼ U

U0

¼ UWH

q
;P ¼ k0p

U0loL
¼ k0pWH

qloL
; M ¼ lw

lo

� � � ðB-1Þ

In dimensionless co-ordinates (Eq. B-1), the governing equations
(Eqs. 7, 8, 10, 4, and 11 through 13) become

rðuÞ ¼ 0 ðB-2Þ

@s

@tD
þ urf ðs; SsÞ ¼ 0 ðB-3Þ

f ðs; SsÞ ¼ 1þ kroðsÞlwð1þ bra0SsÞ
krwðsÞlo

� ��1

@

@tD
½sCþ Sa þ Ss� þ urðCf Þ ¼ 0 ðB-4Þ

Sa ¼ Saðe; sÞ; e ¼ e c; Uf
.
s/

� �
ðB-5Þ

@Ss

@tD
¼ ðksLÞCjuj f ðB-6Þ

@ðcsÞ
@tD

þ urðcf Þ ¼ 0 ðB-7Þ

u ¼ � krwðsÞ
Mð1þ bra0SsÞ

þ kroðsÞ
� �

rP; ðB-8Þ

respectively.

The initial conditions corresponding to injection of low-salin-
ity water into oil-bearing formations include initial water satura-
tion and initial concentrations of salt and of attached particles,
zero values of suspended and strained fines:

tD ¼ 0 : s ¼ swi; c ¼ ci; Sa ¼ 1; C ¼ 0; Ss ¼ 0: ðB-9Þ

Boundary conditions on the injection wells include rate q j, unit
fractional flow for water, salt concentration, and zero concentra-
tion of suspended fines:

r ¼ rw : 2prkrwor
@P

@r
¼ q j

q

W

L
;

f ð1� sor; 0Þ ¼ 1; c ¼ c0; C ¼ 0:

ðB-10Þ

Well bottomhole pressure is a boundary condition at the produc-
tion wells:

r ¼ rw : p ¼ pp: ðB-11Þ

The boundary condition on the impermeable reservoir boundaries
is zero normal component of the pressure gradient.

Appendix C—Equivalence Between the
Polymer-Flooding and Fines-Assisted-
Waterflooding Models

In this Appendix, we map the system of fines-assisted-waterflood-
ing on the polymer-flooding system in large-scale approximation.

Let us describe the polymer-flooding model (Lake 1989). It is
assumed that oil and aqueous phases are incompressible, which
leads to the volume conservation for the total two-phase flux

rðUÞ ¼ 0: ðC-1Þ

The volume conservation for incompressible aqueous phase,
which is immiscible with oil, is

/
@s

@t
þ Urf ðs; cp; caÞ ¼ 0; f ðs; cp; caÞ

¼ 1þ kroðsÞlwðcpÞRkðcaÞ
krwðsÞlo

� ��1

:
ðC-2Þ

The polymer concentration c is assumed to be small enough to
neglect non-Newtonian properties of the polymer solution.

The polymer is present in the porous media in dissolved and
adsorbed states, so the polymer mass balance is

@
�
/scp þ caðcpÞ

�
@t

þ Ur½cpf ðs; cp; caÞ� ¼ 0; f ðs; cp; caÞ

¼ 1þ kroðsÞlwðcpÞRkðcaÞ
krwðsÞlo

� ��1

: � � � � � � � � � ðC-3Þ

Here, both dissolved and adsorbed concentrations are small if
compared with the water volume and do not affect neither poros-
ity nor volumetric balance for either phase.

The overall flux is obtained from modified Darcy’s law for
two-phase Newtonian flow in porous media and includes forma-
tion damage caused by adsorbed polymer:

U ¼ � krwðsÞ lo

lwðcpÞRkðcaÞ
þ kroðsÞ

� �
rp: ðC-4Þ

Here, the resistance factor Rk is a function of normalized adsorbed
concentration:

Rk ¼ 1þ ðRRF� 1Þ ca

camax

¼ 1þ ðRRF� 1Þ ca

caðc0
pÞ
;

� � � � � � � � � � � � � � � � � � � ðC-5Þ

where RRF corresponds to the maximum value of the resistance
factor Rk for ca¼ camax.
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Often the adsorption isotherm is represented in the Langmuir
form:

caðcpÞ ¼
acp

1þ bcp
: ðC-6Þ

From Eqs. C-2 and C-3, it follows that

/s
@cp

@t
þ @caðcpÞ

@t
þ Ufr½cp� ¼ 0: ðC-7Þ

The polymer-floodinging model contains sorption function
ca¼ ca (cp), resistivity factor Rk¼Rk (ca), and constants: Lang-
muir sorption constants a and b, maximum resistivity factor RRF,
and injected concentration of polymers cp

0.
Now let us map the model of the waterflood with fines on the

polymer-flooding model. Polymer concentration is expressed by
salt concentration as follows:

cp ¼
c0

p

ci � c0
ðci � cÞ: ðC-8Þ

This provides the initial condition for polymer concentration
cp¼ 0, where salt concentration is equal to its initial concentration
c¼ ci too. Also, the inlet boundary condition for polymer cp¼ cp

0

corresponds to that for salt: c¼ c0.
Let us propose the following expression for the polymer

adsorption through the maximum retention function:

ca ¼
dc0

p½ra0 � raðcÞ�
ci � c0

; ðC-9Þ

where d�1 is a small parameter. The small parameter in Eq. C-9
is introduced to make Eq. C-7 with adsorption and Eq. B-7 with-
out adsorption equivalent.

Substituting Eq. C-9 into Eq. C-7 yields

�/s
@c
@t
þ d

@½ra0 � raðcÞ�
@t

� Ufrc ¼ 0: ðC-10Þ

Because d�1 is a small parameter, the adsorption term in Eq. C-
10 can be neglected. We also assume constant viscosity of aque-
ous phase in Eqs. C-3 and C-4. Therefore, Eq. C-10 becomes
equivalent to the salt mass balance equation (Eq. 10).

Expressing the value of the maximum resistance factor vs. the
formation damage variables,

RRF ¼ 1þ b½ra0 � raðc0Þ�; ðC-11Þ

yields

Rk ¼ 1þ ðRRF� 1Þ ca

caðc0
pÞ

¼ 1þ b½ra0 � raðcÞ�;
ðC-12Þ

so the equations for the total two-phase flux for polymer (Eqs.
C-4 and C-5) and fines (Eq. 19) become equivalent.

Finally, the system of equations for two-phase flow with vary-
ing water salinity and fines mobilization can be “translated” into
the polymer-flooding model with the “dictionary” given by the
formulae in Eqs. C-8 through C-11.

From Eqs. C-8 and C-9 follows the expression for polymer
adsorption isotherm for the “fines-substituting” polymer:

ca ¼
dc0

p ra0 � ra ci �
c0

pðci � c0Þ
c0

p

; s

 !" #

ci � c0
: ðC-13Þ

It is assumed that salinity variation and fines mobilization do not
change viscosity of water. Therefore, polymer viscosity in Eq. C-
4 is

lwðcpÞ ¼ lwð0Þ: ðC-14Þ

If the initial concentration of attached fines is less than that corre-
sponding to the initial salt concentration (i.e., if the initial salt
concentration is higher than the critical initial salt concentration
for the reservoir fines), the flood process is described by the sys-
tem in Eqs. 16 through 18 only for salt concentrations below the
critical value. Flow with salt concentrations above the critical
value is described by the damage-free system of two-phase flow
in porous media (black-oil model).
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