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Abstract The fluid flow in natural reservoirsmobilizes fine particles. Subsequentmigration and straining of the
mobilized particles in rocks greatly reduce reservoir permeability and well productivity. This chain of events
typically occurs over the temperature ranges of 20–40°C for aquifers and 120–300°C for geothermal reservoirs.
However, the present study might be the first to present a quantitative analysis of temperature effects on the
forces exerted on particles and of the resultant fines migration. Based on torque balance between electrostatic
and drag forces acting on attached fine particles, we derived a model for the maximum retention concentration
and used it to characterize the detachment of multisized particles from rock surfaces. Results showed that
electrostatic force is far more affected than water viscosity by temperature variation. An analytical model
for flow toward wellbore that is subject to fines migration was derived. The experiment-based predictive
modeling of the well impedance for a field case showed high agreement with field historical data (coefficient
of determination R2 = 0.99). It was found that the geothermal reservoirs are more susceptible to fine particle
migration than are conventional oilfields and aquifers.

1. Introduction

Fine particle mobilization, migration, and straining in narrow pore throats, with consequent permeability
decline, occur in a broad range of environmental, geophysical, and engineering problems or processes
[Gaillard et al., 2007; Chen et al., 2008]. Particle transport and retention significantly affects groundwater
flow [Saiers and Ryan, 2005], water injection and production in artesian and geothermal wells [Rosenbrand
et al., 2014, 2015], propagation of contaminants, viruses, and bacteria in aquifers [Edery et al., 2011;
Bradford et al., 2012, 2014], degradation of streambed habitat by siltation [Rehg et al., 2005], production
of oil and gas [Bedrikovetsky, 1993], geosequestration of carbon dioxide [Mangane et al., 2013], and
underground disposal of industrial and radioactive wastes [Bradford et al., 2012, 2013]. The stress alteration
resulting from fine particle straining explains hydrologic responses to earthquakes and can even trigger
earthquakes [Liu and Manga, 2009; Manga et al., 2012]. Thus, an accurate laboratory-based mathematical
model of fine particle migration in porous and fractured media is essential for reliable prediction of oil and
water production, design of enhanced geothermal systems, protecting groundwater against contamination,
assessing the safety of long-term hazardous waste sites, and determining remediation strategies for
contaminated sites [Bartels et al., 2002; Nemati et al., 2003; Boutt et al., 2006; You et al., 2014].

Permeability decline induced by particle retention in porous media is explained by detachment and
mobilization of reservoir fine particles and their migration and straining in narrow pore throats. Particle
detachment leads to insignificant increase of reservoir permeability, whereas cutting off a flow path by
particle straining in narrow pore throats significantly reduces permeability. Therefore, mathematical
models of permeability that consider particle straining usually disregard the effect of particle detachment
[Bedrikovetsky, 1993; Khilar and Fogler, 1998]. A particle on the pore surface is subject to electrostatic, drag,
lifting, and gravitational forces, as shown in Figure 1. Particle mobilization occurs where the torque of
detaching hydrodynamic drag and lifting forces exceeds that of attaching electrostatic and gravitational
forces; i.e., the torque balance is the condition of mechanical equilibrium for particles [Freitas and Sharma,
2001; Bradford et al., 2013]. Although salinity, pH, and velocity effects on the forces exerted on particles
have been comprehensively investigated [Khilar and Fogler, 1998; Israelachvili, 2011], the quantitative
analysis of temperature effects on these forces and the consequent fines migration had been absent. Since
high temperature is common in geothermal field applications, the current work involves the laboratory-
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based prediction of fines migration under the field conditions of high temperature. Here we develop a model
that is readily applicable for field conditions.

The traditional kinetics model for colloidal-suspension transport assumes nonequilibrium particle release,
which is proportional to the difference between the current and equilibrium values of variables such as
velocity, ionic strength, pH, and temperature [Elimelech et al., 1998]. However, the kinetics model fails to
reflect the instant permeability response to variation in these variables, which has been observed in many
laboratory tests [Ochi and Vernoux, 1998]. The traditional model also fails to capture the microscale
condition of mechanical equilibrium for particles. However, the maximum retention concentration, as a
function of velocity, ionic strength, and temperature, can be derived from the particle torque balance
condition and is capable of modeling the instant particle release [Bedrikovetsky et al., 2011, 2012]. Thus,
this method is free of the above mentioned shortcomings and is used in the present study. The maximum
retention function derived in Bedrikovetsky et al. [2011, 2012] for multilayers of monosized particles
exhibits a convex form with respect to velocity. In the current work, we develop a new model for
detachment of monolayer size-distributed particles, which results in different forms of the maximum
retention function versus velocity.

Laboratory flow-through tests on natural reservoir cores with varying piecewise constant flow velocities andwater
salinities show that the core permeability stabilizes significantly later than the moment corresponding to when
one pore volume has been injected [Ochi and Vernoux, 1998; Oliveira et al., 2014]. This delayed-stabilization
effect is attributed to the slow particle drift near pore walls and to particle sliding or rolling along rock surfaces.
Particle transport in the boundary layers, and in the bulk of carrier fluid, is reflected by a two-velocity model
[Yuan and Shapiro, 2011; Bradford et al., 2012, 2014; Sefrioui et al., 2013]. The model developed in the current
work applies specifically to the case where a rapid mass exchange occurs between fast and slow particle
populations across each pore. The capture-free run of particles can span numerous pore lengths. Therefore,
the mass exchange is assumed to be significantly faster than particle capture by rocks. It results in equal
concentrations of particles in the fast and slow fluxes, yielding a single-velocity model.

In the present work, the detailed study of temperature dependence of electrostatic constants found that the
electrostatic force is far more affected than water viscosity by temperature variation. The former effect results in
significantly higher decline of permeability and well productivity due to fines migration at high temperatures.
Also, analytical models for flow through natural cores and flow toward wellbores under fines migration were
derived. The laboratory-based analytical models were tested against historical data of Salamander geothermal
well exploitation (Otway Basin, Australia), accounting for the temperature dependency of the maximum
retention concentration. The well impedance growth predicted by the model agreed with that from field
historical data, with the coefficient of determination R2=0.99. The model predicted that the likelihood of fines
migration would be greater in geothermal wells than in conventional oil and artesian wells.

2. Physics of Particle Mobilization and Straining in Porous Media

Fine particle mobilization is determined by the exerting forces depicted in Figure 1b. Formulas for drag (Fd)
and lifting (FL) forces can be found in Altmann and Ripperger [1997] and Bradford et al. [2013]. The ratio FL/Fd

Figure 1. Particle straining, attachment, and detachment in porous media: (a) cross section of a pore throat and (b) illustrating
forces acting on the attached fine particles (c, σa, and σs are suspended, attached, and strained concentrations, respectively;
U and Us are velocities of fluid and particles, respectively; Fd, Fe, Fg, and FL are drag, electrostatic, gravitational, and lifting
forces, respectively; ld and ln are lever arms for drag and electrostatic forces, respectively).
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does not exceed 0.0004, for velocity U varying from 10�5 to 10�3m/s, particle radii rs from 1 to 5μm, ionic
strength γ from 0.025 to 0.20M NaCl, and temperature T from 25°C to 130°C, which are the conditions
we covered in this study. Therefore, the lifting force FL can be disregarded. Under these conditions, the
gravitational force Fg can also be disregarded, since the ratio Fg/Fd is below 0.02. Figure 1 does not show the
Brownian diffusive force due to collisions, which is modeled as Gaussian noise [see Kim and Zydney, 2004].
Within the above parameter ranges, the ratio between the Brownian and drag forces does not exceed 0.05,
allowing the Brownian force to be disregarded. Finally, the torque balance condition for characterization of
the particle release from rock surfaces is expressed as

Fd U; rsð Þl rsð Þ ¼ Fe γ; rsð Þ; l ¼ ld=ln (1)

where Fe is the electrostatic force acting on the particle and ld and ln are lever arms for drag and electrostatic
forces, respectively. The lever arm ratio l is determined by either asperities of the rock surface or contact
deformation of particles on the rock [Freitas and Sharma, 2001; Bradford et al., 2013]. Formulas for electrostatic
force and potentials are given in the supporting information. The transcendental equation (1) for the
particle size rs determines the critical radius of particles which satisfies torque balance condition at certain
velocity U and ionic strength γ. Any particles larger than this size are detached from rock surfaces. The critical
particle radius rscr can be expressed as

rscr ¼ rs U; γð Þ (2)

Function rs monotonically decreases with U and increases with γ. It indicates that the size of particles
dislodged from the rock surface by drag force decreases with increasing U or decreasing γ. The sequence
of particle detachments in response to variation in U and γ with equation (2) leads to the following form of
the maximum retention function σcr:

σcr U; γð Þ ¼ ∫
rscr U;γð Þ
0

Σa rsð Þdrs (3)

Differentiation of equation (3) with respect to rs results in the size distribution of attached particles Σa(rs),
leading to a method for laboratory determination of attached particle size distribution in rocks.

The lever arm ratio l in equation (1) is calculated from Hertz contact theory of particle and rock deformation
[Bradford et al., 2013; Kalantariasl and Bedrikovetsky, 2014]; for sandstone rocks and illite/chlorite fine particles,
l= 0.0021. Typical forms of the maximum retention function versus U and γ as calculated from equations (2)
and (3) are shown in Figure 2. Point I in the figure corresponds to the initial concentration of attached
particles σai. A velocity increase from zero to UB (ionic strength decrease from γ1 to γ2) does not lift particles.
The first fine particle appears at point B in the figure. Further velocity increase to UC (ionic strength decrease
to γ3) causes the release of particles by the amount Δσ.

The maximum retention function versus temperature is determined by the temperature dependencies of the
electrostatic constants (see supporting information) and of water viscosity, which affect the drag force on
attached particles. The resultant temperature effects on the maximum retention function are shown in
Figure 2. Higher temperature results in lower maximum concentration of attached particles, greater
released particles σai� σcr(U, γ,T), and greater consequent permeability damage.

3. Laboratory Study

Laboratory flow-through testing in reservoir cores exhibited significant permeability decline during four
sequential injections with decreasing ionic strength (see black circles in Figure 3). The details of coreflood
setup can be found from Oliveira et al. [2014]. The stabilization periods greatly exceeded one PVI (pore
volume injected), indicating particle transport having velocity much lower than the carrier water velocity.
The effect is explained by the slow particle drift near pore walls and stagnant zones, resulting in slow
average particle transport [Yuan and Shapiro, 2011; Bradford et al., 2012, 2014]. Therefore, the particle
velocity is denoted as αU, α≪ 1. The instant permeability response to ionic strength alteration, evidenced
in Figure 3, justifies the maximum retention function (1–3) for particle detachment modeling.
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Equations (1)–(3) allow for transformation
of the maximum retention function
from ionic strength dependence to
velocity dependence, i.e., σcr(U, γ0)
= σcr(U0, γ). Analysis of flow toward a
wellbore, where velocity changes
along the radius, requires knowledge
of the maximum retention function
σcr(U, γ0) (γ0 is the ionic strength of
reservoir brine). However, in laboratory
experiments, ionic strength can be
more readily varied over a large range
than flow velocity. Therefore, ionic
strength alteration was applied during
coreflooding tests in the present work.
The maximum retention function in
Figure 2b shows the result of transfor-
mation from ionic strength dependence
σcr(U0, γ) to velocity dependence σcr(U, γ0).

Scanning electron microscope (SEM)-
energy dispersive X-ray analysis (EDAX)
results of clay particles displaced from
Salamander rock fragments show
illite/chlorite flakes and kaolinite
platelets (Figure 4). Zeta potentials were
measured for sandstone matrix and clay
matter, which were recovered from
the effluent during coreflooding tests.
Measured values of zeta potentials
were used in equations (S1)–(S4) in the
supporting information for evaluation of
electrostatic Derjaguin-Landau-Verwey-
Overbeek (DLVO) force Fe(U, γ), in order
to calculate the maximum retention
function (equations (1)–(3)).

We now compare the measured particle
and pore sizes to those from modeled
results. SEM images of Salamander cores
show that the sizes of initially attached
particles vary from 0.15 to 2.0μm. The
size range covers the variation of
particle radius obtained from the
maximum retention function (Figure S1
in the supporting information). Initial
permeability of the fragments was
k= 6.9mD, and initial porosity was
ϕ = 0.106. The average pore throat
size hr pi calculated from the formula
proposed by Nelson [2009] for sandstones

was rp
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k= 4:48ϕ2� �q

¼ 5.88μm.

The weighted mean radius of the
breakthrough particles measured by

Figure 3. Tuning the laboratory data from ionic strength alteration test at
T=25°C by the analytical model and prediction for Salamander geothermal
field (T=129°C): normalized permeability k/k0 decline of the core during
coreflood with piecewise decreasing ionic strength γ1 ~ γ4 (α, λs, and βs are
drift delay factor, filtration, and formation damage coefficients, respectively).

(a)

(b)

Figure 2. Themaximum retention concentration σcr with (a) ionic strength (γ)
dependency (γ1 = 0.2M NaCl) at different temperatures T and (b) velocity (U)
dependency at different temperatures T.
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particle counter was hrsi= 1.12 μm. Particle sizes varied from 0.10 to 1.25 μm. The mean attached particle
radius frommodeling was hrsi=1.80μm. The filtration theory suggests that particles with radii above hrpi/3 are
captured in rocks and do not appear in the effluent [van Oort et al., 1993]. Indeed, the size range of effluent
particles (0.10, 1.25) was below the minimum radius of the strained particles hrpi/3= 1.96μm, which is
consistent with the filtration theory.

4. System of Governing Equations

The mathematical model for fine particle migration employed the following major assumptions: velocity of
fine particle migration differs from the carrier water velocity, homogeneous reservoir, low compressibility
of water, no diffusion of salt and particles, instantaneous release of attached particles according to
the maximum retention function σcr(U, γ), linear kinetics of particle straining by porous media, and
permeability increase due to particle detachment was negligible in comparison with permeability decrease
due to particle straining. In order to describe the processes of particle detachment, migration, retention in
rocks, and consequent permeability reduction, the system of governing equations for fluid flow and
particle transport in porous media is derived. It consists of mass balance equations for water, salt, and
particles; a linear kinetics expression for capture rate; equation of state for water; and Darcy’s law to
account for permeability damage due to particle straining:

∂
∂t

ϕ � σa � σsð Þ 1� cð Þρw½ � þ ∇ � 1� cð ÞρwU½ � ¼ 0 (4)

∂
∂t

ϕ � σa � σsð Þ 1� cð Þγρw½ � þ ∇ � 1� cð ÞγρwU½ � ¼ 0 (5)

∂
∂t

ϕ � σa � σsð Þc þ σa þ σs½ � þ ∇ � cαUð Þ ¼ 0 (6)

∂σs
∂t

¼ λscα Uj j; ρw ¼ ρw0e
cw p�p0ð Þ; U ¼ � k0

μ 1þ βsσsð Þ∇p (7)

where ϕ is the porosity; c, σa, and σs are suspended, attached, and strained concentrations, respectively; ρw is
the water density; U is the velocity; p is the pressure; α is the drift delay factor; λs and βs are filtration and
formation damage coefficients for straining, respectively; cw and μ are water compressibility and viscosity,
respectively; and k0 is the initial permeability [Bedrikovetsky, 1993]. In the following sections, the system of
governing equations will be applied to the linear flow through core samples in laboratory tests and radial
flow toward wellbore in field applications.

The maximum retention function σa= σcr(U, γ) is a phenomenological relationship in the model. The particular
form in equations (1)–(3) assumes simplified pore geometry and homogeneity. The stochastic models should
be applied to describe geometric and chemical matrix heterogeneity [Bradford et al., 2013]. For example,
probability distribution of the constants in equation (1) followed by the averaging allows determination of
the maximum retention function in microheterogeneous rocks.

Figure 4. (a) SEM image and (b) EDAX spectrum for mixed-layer illite/chlorite clay minerals identified in the collected fines.
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5. History Matching of the Laboratory Flow-Through Test Results

For one-dimensional flow, under the assumptions of incompressible fluid and small concentrations c and σs,
the coreflood problem in equations (3)–(7) with altering ionic strength allows for analytical solution similar to
that presented by Bedrikovetsky et al. [2012]. The initial condition for suspended concentration corresponds
to the release of Δσ particles due to ionic strength alteration (Figure 2). Inlet boundary conditions include
injected ionic strength and zero concentration of suspended particles. Least squares optimization using
the analytical model yielded the following values of tuning parameters: drift factor α=0.003, filtration
coefficient λs= 53m�1, formation damage coefficient βs= 7600, mean radius of attached particles 1.80μm,
and variance coefficient for particle size distribution Cv=0.66. The values of permeability damage
coefficients λs and βs are within the common range [Khilar and Fogler, 1998]. Comparison between
experimental and modeling data showed strong agreement (R2 = 0.997). Size distribution of the attached
particles is shown as the red curve in Figure S1.

Figure 3 presents the sensitivity study with respect to the drift factor and both filtration and formation
damage coefficients. Acceleration of particles yielded faster permeability stabilization. Decrease of filtration
and formation damage coefficients yielded lower formation damage.

Particle size distributions in Figure S1 correspond to 10% variation of the measured data. Fewer attached
particles results in less formation damage.

The maximum attached concentration curves at different reservoir temperatures are shown in Figure 2. The
constants for calculation of themaximum retention function in equations (1)–(3) are taken from the coreflood
data matching (Figure 3) and correspond to the conditions of the Salamander field. Higher temperature
is associated with weaker electrostatic force, lower attaching torque (1), lower maximum retention
concentration, and greater amount of mobilized particles σai� σa(U). Therefore, well impairment increases
as the reservoir temperature increases. This makes well impairment due to fine particle migration more
probable in geothermal reservoirs than in conventional aquifers or oilfields.

6. Analytical Model for Flow Toward Wellbore

We now discuss axisymmetric flow toward the wellbore. Initial conditions correspond to the total of initial
suspended particles in the reservoir c0 and the amount of particles released by the drag force, with the
flow velocity q/2πr:

t ¼ 0 : σa ¼ σai; σs ¼ 0; c ¼ ci rð Þ ¼ c0 þ 1
ϕ

σai � σcr
q
2πr

� �h i
(8)

The initial particle straining is accounted for in the initial permeability k0. The boundary condition of
impermeability is set on the reservoir boundary r= re; either the wellbore pressure pw or the rate q is set at
the wellbore r= rw [Bedrikovetsky, 1993]. Ionic strength is constant; thus, equation (5) becomes trivial.

Particles were mobilized at high velocities U>Ui (see point B in Figure 2) inside the zone r< q/2πUi,
σai = σcr(Ui , γ), where Ui is the critical flow velocity below which particles kept immobilized. Water was
assumed to be incompressible inside the mobilization zone. There was no particle migration for r> ri,
and the inflow of compressible fluid can be characterized by a linear parabolic pressure diffusivity
equation. The exact solution of the problem in equations (3), (4), and (6) in the mobilization zone is
obtained by the method of characteristics:

c r; tð Þ ¼ ci rð Þeλs r� ffiffiffiffiffiffiffiffiffiffiffi
r2 þ2Bt

pð Þ; B ¼ q
2παϕ

(9)

σs r; tð Þ ¼ ϕ
r
ci rð Þ r þ λ�1

s � eλs r� ffiffiffiffiffiffiffiffiffiffiffi
r2 þ2Bt

pð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ 2Bt

p
þ λ�1

s

� �h i
(10)

Pressure distribution in the mobilization zone rw< r< ri is determined by integrating equation (7) with
respect to r. Pressure distribution outside the mobilization zone ri< r< re is obtained by Fourier series
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[Polyanin, 2007]. The analytical solution
allows calculating the so-called well
impedance J, which is the dimensional
pressure difference between the
reservoir and the wellbore (Δp) per unit
of the production rate (q):

J tð Þ ¼ Δp tð Þq t ¼ 0ð Þ=Δp t ¼ 0ð Þq tð Þ
(11)

The finite difference approximations for
equations (3)–(7) are solved by iterative
algorithm using an implicit scheme for
unknowns c and U, and an explicit

scheme for unknowns p, ρw, σs, and σa [Iserles, 2009]. For conditions of the Salamander field, the difference in
wellbore pressure and impedance prediction by analytical and numerical models is 2.5%.

7. Treatment of Field Data

The Salamander geothermal well was discharging for 5h (denoted as t0). The rate was held constant at 15.5 L/s
during the production period. Pressure drawdown increased from 20bars at the beginning of discharge to
55bars at the end. Star points in Figure 5 correspond to the well data.

Electrostatic DLVO constants were taken to be the same as in laboratory study (section 3). Reservoir
temperature T= 129°C, permeability k0 = 6.9 mD, and porosity ϕ =0.1. Dynamic viscosity data for NaCl
solutions in water was adopted from Al-Shemmeri [2012]. The tuning parameters included filtration
coefficient λs, formation damage coefficient βs, and drift delay factor α. The adjustment of the analytical
model in equations (9)–(11) to field data was performed using the Leverberg-Marqardt optimization
algorithm to minimize the least squares deviation. The optimal values of the tuning parameters were
found to be λs=10m�1, βs=9900, and α=0.1. Comparison of field data against modeling results yielded
the coefficient of determination R2 = 0.99 (Figure 5). The optimal parameter values fall within the intervals
commonly encountered in field applications [Khilar and Fogler, 1998].

The orange curve in Figure 3 was calculated using the above Salamander field parameters and exhibits much
greater formation damage than in the coreflooding test.

The sensitivity of well impedance to reservoir temperature is shown in Figure 5 for T1 = 25°C and T2 = 160°C. The
correspondingmaximum retention curves are shown in Figure 2. Higher temperature was associatedwith lower
maximum retention concentration and greater release of particles due to water inflow. However, water viscosity
decreased with temperature, resulting in the decrease of the detaching drag force. The analytical model
of equations (9)–(11) with the parameters tuned from the Salamander well history was used to predict
impedance. Higher temperature was associated with greater formation damage; i.e., the effect of
temperature on electrostatic force was much greater than that of brine viscosity. As a result, geothermal
reservoirs are more susceptible to fines migration-induced productivity decline than are conventional
oilfields and aquifers.

In high-permeability reservoirs with small particles, where straining does not occur, fine particlemigrationmay not
impair productivity. The above methodology of laboratory-based well-behavior prediction using the tuned
mathematical model has been applied to well-productivity prediction in the geothermal field known as Celsius
(Cooper/Eromanga Basin, Australia). Laboratory coreflooding tests revealed some permeability increase during
fine particle migration, leading to well-productivity increase during exploitation.

8. Conclusions

Analysis of temperature dependency of fine particle migration using the experiment-based mathematical
modeling supports the following conclusions:

Figure 5. Well impedance J growth during well exploitation from the
modeled results and field data (reservoir temperature 129°C, two
other temperatures for sensitivity study: T1 = 25°C, T2 = 160°C, t/t0:
dimensionless time).
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1. For geothermal reservoir conditions, the lifting and gravity forces are 2–4 orders of magnitude weaker
than the drag and electrostatic forces. Mechanical equilibrium of attached particles and the maximum
retention function are determined by drag and electrostatic forces;

2. The fine particle-release capacity (maximum retention function) for a monolayer deposit of multisized
particles can be expressed by explicit formula;

3. Size distribution of attached particles can be determined from the maximum retention function;
4. Experiment-based model predictions for high-temperature geothermal conditions showed that the elec-

trostatic attraction weakens with temperature increase, and the detaching drag force reduces with water
viscosity decrease. The former effect dominates, resulting in the decrease of themaximum retention func-
tion with temperature. Therefore, geothermal reservoirs are more susceptible to fine particle migration
than conventional aquifers or oilfields;

5. The laboratory “velocity-ionic strength” translation procedure along with the mechanical equilibrium
modeling allows determining velocity dependency of the maximum retention concentration from the
tests with varying ionic strength;

6. The permeability stabilization time during fine particle migration highly exceeds one pore volume
injected, suggesting that the fine particle migration velocity is significantly lower than the carrier water
velocity;

7. The analytical model for axisymmetric flows with fine particle mobilization, migration, and straining yields
the explicit formulas for suspended and strained concentrations and for well impedance;

8. Laboratory-measured permeability history is consistent with the model prediction;
9. The prediction from laboratory-based mathematical modeling closely approximates well index history

from field data.
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