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a b s t r a c t

Permeability decline during high rate flows has been widely reported for corefloods and for production
wells. The phenomenon is attributed to mobilisation of fine particles at elevated velocities, their
migration in porous space with the following straining in thin pores and attachment to pore walls.
Sixteen sets of corefloods with piecewise constant rate have been performed under increasing flow rate.
The particularities of this study are long injection periods, allowing estimating permeability stabilisation
times, and pressure measurements in intermediate core points, permitting for evaluation of the
permeability profile variation along the core. It was found out that the mobilised particles drift with
speeds significantly lower than the carrier fluid velocity, resulting in long permeability stabilisation
periods.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Detachment of the reservoir fines, their migration as colloids or
suspensions in the carrier fluid with further straining in thin pore
throats and attachment to pore walls occur in numerous petro-
leum production processes. The main features of the processes are
the variation of colloidal suspension concentration in carrier fluid,
which is important for produced water disposal in aquifers, and
the permeability decline affecting well productivity and injectivity
(Civan, 2007; Rousseau et al., 2008; Byrne and Waggoner, 2009).
The above occurs during filtrate invasion into reservoirs during
well drilling (Schechter, 1992; Watson et al., 2008), fines migration
in oil and gas reservoirs (Schembre and Kovscek, 2005; Civan,
2007) and low quality water injection into oilfields (Nabzar et al.,
1996; Pang and Sharma, 1997; Chauveteau et al., 1998). The role of
fines migration during low-salinity waterflooding of oil reservoirs
is a subject of the current intensive research (Tang and Morrow,
1999; Morrow and Buckley, 2011; Zeinijahromi et al., 2011; Yuan
and Shapiro, 2011; Hussein et al., 2013). The permeability reduc-
tion due to fines migration can be used for water production
control (Zeinijahromi et al., 2012). The list of fines migration
applications can be significantly expanded.

The common view on the flow of mobilised fines in porous
reservoirs is that the fine colloidal or suspension particles are
transported in the carrier fluid. It means that the advective velocity
of particles is equal to the carrier fluid velocity; the permeability
stabilisation occurs after arrival of the “last” mobilised fine at the
core outlet, i.e. after the injection of one pore volume. Several
authors have mentioned the two-speed structure of the colloidal
suspension flux, where the particles may undergo the near-surface
motion with significantly reduced speed if compared to the carrier
water velocity (Yuan and Shapiro, 2010). The particle drift near the
rough pore walls as modelled by Navier–Stokes equations has the
speed significantly lower than the injected water velocity (Sefriouri
et al., 2013). However, the vast majority of mathematical models
assume equality of particle and water velocities (Bradford et al.,
2008, 2009). Besides, laboratory studies of slow fine particle
migration in porous media are not available in the literature.

Several laboratory corefloods with increasing velocity in order
to lift fines have been performed, yielding the clear understanding
of mobilisation and straining phenomena (Priisholm et al., 1987;
Ochi and Vernoux, 1998; Kuhn et al., 1998, etc.). The detailed
overviews of those works are presented by Tiab et al. (2004) and
Civan (2007). Yet, the permeability stabilisation periods cannot be
evaluated from the results of these tests due to short injection
times. Also, the permeability profile cannot be evaluated since
only the pressure drop across the overall core has been measured.

In the current work, the corefloods with piecewise constant
velocity in the mode of velocity increase in order to lift the natural
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reservoir fines are performed until the permeability stabilisation.
It is found out that the permeability stabilisation periods signifi-
cantly exceed one pore volume injected in all the tests, while the
assumption of equality of particle and water velocities yields the
stabilisation after injection of one pore volume. The delayed
stabilisation is attributed to slow fines transport near pore walls.
The stabilisation time decreases with the flow rate increase, which
is explained by simultaneous increase of drag force driving the
particles along the rock surface.

The structure of the paper is as follows. Brief physical descrip-
tion of colloidal suspension transport in porous media is given in
Section 2. Section 3 presents the details of the laboratory set-up,
rocks and fluids used and the methodology of laboratory tests. The
test results are presented in Section 4. The paper is concluded by
the discussions of results (Section 5), where the observed phe-
nomena of delayed permeability stabilisation are attributed to the
slow particle drift along the rock surface.

2. Physics of fines mobilisation, migration and straining

Following Muecke (1979), Sharma and Yortsos (1987),
Chauveteau et al. (1998), Bergendahl and Grasso (2000), Freitas
and Sharma (2001), Byrne et al. (2010), Bradford et al. (2011) and
Bedrikovetsky et al. (2011, 2012), let us describe the main physical
factors determining fines migration with consequent permeability
decline in porous media. Detachment of fine particles, their
migration with followed straining or attachment is shown in
Fig. 1. The mobilised fine particle is retained by size exclusion if
its size exceeds the pore size (Yuan et al., 2012; You et al., 2013).
The fine particle intercepting a grain can also be attached, if there
are available attachment sites on the grain surface. The forces
exerting upon a single particle attached to the grain are shown in
Fig. 1. The particle on the grain surface or on top of the internal
cake formed by other attached particles is subject to electrostatic,
drag, lifting and gravitational forces. The particle is attached if the
attaching torque of electrostatic force and gravity exceeds the
detaching torque of drag and lifting forces; otherwise the particle
leaves the grain surface. The torque equilibrium is the condition of
the particle mechanical equilibrium. The electrostatic force
depends on the grain–particle disjoining distance that reaches
the maximum at certain disjoining distance value. For the given
values of drag, lifting and electrostatic forces, particle mobilisation
is controlled by the maximum value of the attractive electrostatic

force. If the attaching torque exceeds the detaching torque, the
disjoining distance is determined by the torque balance under
given values of drag, lifting and electrostatic torques. From the
torque balance criterion follows that under the mechanical equili-
brium, there does exist the maximum concentration of retained
particles that is a function of carrier fluid velocity, salinity, pH,
temperature, etc. Particle detachment due to velocity, pH or
temperature increase or salinity decrease is described by the
maximum retention function decrease. Velocity increase yields
an increase of drag and lifting forces; it may raise the detaching
torque resulting in the particle mobilisation. The water salinity
decrease causes a decrease of the electrostatic force with conse-
quent decrease of the attaching torque and fines mobilisation.
Increase of temperature and pH also causes weakening of electro-
static force with consequent fines mobilisation. The above phe-
nomena of fines mobilisation by increasing velocity have been
observed and discussed in laboratory studies by Miranda and
Underdown (1993), Ochi and Vernoux (1998), Bradford et al.
(2011), while the fines lifting due to salinity decrease or tempera-
ture and pH increase is presented by Lever and Dawe (1984),
Sarkar and Sharma (1990), Valdya and Fogler (1992), Khilar and
Fogler (1998) and Civan (2010).

The classical filtration theory introduces critical velocity as the
minimum velocity, where fines mobilisation occurs (Miranda and
Underdown, 1993). Critical salinity is the salinity threshold below
which the fines are lifted (Khilar and Fogler, 1998). The particle
detachment rate is proportional to the difference between the
current and critical values of velocity, salinity, pH, etc. The
proportionality coefficients correspond to relaxation times, which
are empirical coefficients and are obtained from the fitting. The
model exhibits the delay in permeability response to an abrupt
change of the parameters, while several laboratory studies reveal
an instant permeability response (Lever and Dawe, 1984; Ochi and
Vernoux, 1998; Bedrikovetsky et al., 2012). The above mentioned
model of maximum retention function is free of this shortcoming.

If the migrating particle intercepts the grain and the attaching
torque exceeds the detaching torque, the particle becomes
attached to the grain. The size exclusion mechanism of the particle
has been mentioned before. Another mechanism of particle
retention is diffusion into the dead-end pores, where the particles
may remain not being accessible to the flow in skeleton pores. In
the next section we present the methodology and set-up of the
laboratory study of fines mobilisation under increasing flow
velocity followed by migration and capture.

3. Laboratory study

In this section we describe laboratory set-up (Section 3.1),
characteristics of rock and fluids (Section 3.2) and methodology
of flow testing under alternate velocities (Section 3.3).

3.1. Set-up

The schematic of laboratory set-up with specification of all key
elements is shown in Fig. 2. Fig. 3 is the photo of set-up. The
injected fluid is placed in Beaker 1 and is injected by PU-2087
pump Jasco under constant rate. The core-holder Mantec (Lab-
conte) with two intermediate ports for pressure measurements is
controlled by valves 14 and 15. The overburden pressure in core-
holder is provided by manual pump Fluke 10 and is monitored by
manometer 11. Pressure transducers 5, 6 and 7 measure pressure
drops across the overall core, between the entrance and second
ports and across the first core section, respectively. The Yokogawa
transducers are calibrated to measure the pore pressure from zero
to 500 psi. The data acquisition system 8 delivers a digital form for

Fig. 1. Fine particles detachment from grains, migration in carrier water, attachment
to grains and straining in thin pores.
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the measurements of three pressure transducers and transfers it to
PC 9. The data are treated by the software LabView installed in PC.
The effluent fluid is collected in Beaker 4 for further electrical
resistance, pH, breakthrough concentration and fine particle size
distribution measurements.

3.2. Core and fluid

Corefloods in 16 Berea cores with alternate velocities have been
performed. Some core and brine properties for Core 12 are
presented in Table 1. Table 2 shows initial core permeability and
brine salinities for 16 tests. The cores 8–20 and 21–24 have been
cut from two different blocks. The permeability values in the first
block are lower than those in the second block. Cores have
diameters determined from the core-holder size – 0.038 m. Core
length varies from 0.044 to 0.072 m. Fresh Milli-Q type ultrapure
water has been used for preparing the solution of sodium chloride.
The brine has been filtered using 0.22 μm filter.

3.3. Methodology of laboratory study

In order to determine porosity, dry cores are weighted, satu-
rated by brine with a determined salinity under vacuum and

weighted again. Dry Berea core has been saturated by brine at low
velocity (at the injection rate 0.5 mL/m). The salinity varies from
test to test from 6 to 30 g/L. The brine pH is below 7 (Table 1). The

Fig. 2. Schematic of laboratory set-up for fines migration in porous media:
1 – injected fluid, 2 – pump, 3 – core-holder with core, 4 – produced fluid, 5,6,
7 – pressure transducers, 8 – data acquisition system, 9 – PC with LabView,
10 – manual pump to maintain overburden pressure, 11 – manometer, 12–16 –

control valves.

Fig. 3. Set-up for investigation of fines migration in porous media.

Table 1
General water and core data for Test 12.

Parameter Test 12

Salinity 10.0 g/L NaCl
pH 6.4
Total core length 7.2 cm
Intermediate point core
length

0.7 cm and
2.9 cm

Porosity 19%
Cross-sectional area 11.53 cm2

Solution viscosity 1.0 cP
Initial permeability 58 mD

Table 2
Stabilised times in different tests.

Test
no.

K0 Q Duration
of tests

Stabilisation
time

Brian
salinity

Kst

(mD) (ml/min) (pvi) (pvi) (g/L) (mD)

8 57 10 303 20 10 40
20 595 16 10 36
30 585 20 10 32

9 70 10 281 16 10 61
20 623 14 10 55
30 706 18 10 50

10 44 10 200 16 6 38
20 505 15 6 33
30 778 20 6 31

11 30 10 18 16 10 30
20 469 20 10 27
30 710 14 10 26

12 58 10 91 25 10 31
20 361 17 10 26
30 455 30 10 24

13 61 10 127 11 30 42
20 752 19 30 35
30 563 22 30 32

14 44,9 10 146 14 30 40
20 628 17 30 34

15 56 10 123 14 10 46
20 451 23 10 38
30 485 15 10 34

16 50 10 129 14 6 39
20 420 20 6 33
30 527 20 6 30

18 60 10 133 27 6 43
20 599 23 6 35
30 803 18 6 34

19 71 10 146 23 6 45
20 595 25 6 36
30 627 19 6 31

20 75 10 120 12 10 32
21 270 10 72 19 10 173

20 306 18 10 155
40 421 21 10 122
48 450 23 10 118

22 109 5 44 13 10 106
10 97 18 10 84
15 213 12 10 71
20 198 10 10 67
25 367 11 10 59
30 1278 12 10 56

23 247 10 86 11 3 180
20 258 12 3 148
40 441 12 3 113

24 250 10 77 10 10 188
20 317 21 10 148
40 300 13 10 111
48 310 20 10 102
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fines are not lifted at such low velocity, low pH and high salinity.
Afterwards, the cores are submitted to the low velocity flow with
the rate varying from 0.5 to 2.0 mL/min for determining the stable
initial permeability. Subsequently, the cores are flooded with
several rates sequentially (Table 2). The first flood is always
performed with the rate 1 mL/min during short period where
the permeability remains constant. Pressure at the core inlet,
outlet and in two intermediate ports is measured during the
coreflooding (see the schematic in Fig. 2). Measurements of
pressure in intermediate core points provide more information
for tuning the mathematical model and also allow estimating the
permeability profile (Bedrikovetsky et al., 2001). The produced
fluid salinity is determined from electric conductivity (Fig. 4a). The
produced fluid pH is also measured.

The breakthrough concentrations of produced fines are too low
to be measured with certain accuracy. Therefore, the fines have
been removed from the core with high breakthrough concentra-
tion after water injection with three rates by injection of low
salinity water (0.5 g/L). Fig. 4a shows semi-transparent effluent
suspension with significant turbidity. Particle size distribution in
the effluent suspension is measured by the Particle Analyser CILAS
1180 (Fig. 5). Then the produced water is evaporated in order to
extract fine particles (Fig. 4b). Mineralogy of the fines is deter-
mined by XRD analysis (Fig. 6).

The obtained laboratory data are presented in the next section.

4. Results

Particle size distribution as obtained from the effluent suspen-
sion (Fig. 4a) is presented in Fig. 5. Diameters corresponding to
10%, 50% and 90% cuts are 0.38 μm, 1.35 μm and 5.03 μm,
respectively; the medium particle diameter is 2.14 μm. The core
permeability is k0¼247 mD, porosity is ϕ¼0.20. The medium pore
diameter is Dp¼10� (k/ϕ)1/2¼11.1 μm (see Amix et al. (1964) for
determining pore size from the permeability and porosity).
According to the “golden rule of filtration”, the particles with
diameter less than Dp/7 filtrate without being captured, the
particles with diameter larger than Dp/3 are captured after migra-
tion for a distance that is negligibly smaller than the core length
and do not appear at the effluent and the intermediate size
particles are performing the deep bed filtration (Van Oort et al.,
1993). The fines size distribution in Fig. 5 shows that a significant
fraction of fines has the diameter less than Dp/7¼1.6 μm; the
fraction of large particles with diameter above Dp/3¼3.7 μm is

significantly lower than one. The jamming ratio between the mean
pore and particle diameters in the effluent 11.2/2.14¼5.1 is typical
for deep bed filtration (Bradford et al., 2008, 2009, 2011).

The dry residue of the evaporated produced suspension
(Fig. 4b) is submitted to XRD analysis. The qualitative results are
shown in Fig. 6. Besides the salt crystals, the residue contains the
leaflets of kaolinite clay and quartz particles from sandstones. Salt
presence is attributed to the injected brine. The data refinement
shows 79 mass% of NaCl crystals, 18% of kaolinite and 3% of quartz.

The results of pressure measurements are shown in Fig. 7. Rates
10, 20 and 30 mL/min have been applied in Test 12. The so-called
dimensionless impedance is used to describe medium permeabil-
ity of different core sections

J tDð Þ ¼Δp tDð Þ
q tDð Þ

q 0ð Þ
Δp 0ð Þ ¼

k0
k tDð Þ; Δp tDð Þ ¼ p 0; tDð Þ�p L; tDð Þ

where p is pressure, q is rate, the sign Δ corresponds to the
difference between the upstream and downstream pressure values.
The impedance is the ratio between the initial and current perme-
ability values. The impedance history J(tD) for the overall core and
its sections is presented in Fig. 7a. The pressure drop across the
overall core and its sections is shown in Fig. 7b. Fig. 7c–e correspond
to time zoom from the beginning of injections with a constant rate.

Let us define the pressure drop/permeability stabilisation time.
The typical time interval between two sequential samplings is 10
PVI for the rates used in the coreflood tests. The precision of

Fig. 4. Analysis of effluent fluids: (a) conductivity measurements; (b) residual fines after produced fluid evaporation to be submitted to XRD analysis.

Fig. 5. Size distribution of produced fines.
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pressure measurements is 0.5 psi. The system is stabilised if the
pressure drop does not grow anymore. The following criterion is
assumed for stabilisation – pressure drop rise divided by the time
between two sequential samplings does not exceed 0.5/10 psi. The
calculated stabilisation times tDst, J(tDst)¼ Jst are shown in the fifth
column of Table 2. Column seven presents the stabilised perme-
ability as calculated from the stabilised impedance. The plots of
permeability versus velocity for Test 12 are shown in Fig. 8.
Stabilisation times versus velocity as obtained from all tests listed
in Table 2 are shown in Fig. 9.

5. Discussions

The size distribution of produced fines is in qualitative agree-
ment with the 1/3–1/7 filtration rule. It corresponds to the
possibility for mobilised particles to migrate along the core and
be produced at the effluent. It allows attributing the pressure drop
increase during the constant rate flow to pore straining and rock
clogging by the mobilised and migrating fines.

Numerous laboratory studies indicate simultaneous presence of
clay and sandstone particles in produced water residue after
evaporation (Lever and Dawe, 1984; Khilar and Fogler, 1998).
XRD analysis of the residue fines presented in Fig. 6 also shows
the presence of kaolinite clay and quartz sandstone particles.

The impedance curves in Fig. 7 indicate almost instant perme-
ability response to the abrupt permeability alteration. So, the fine
particles detachment occurs during time periods that are negli-
gibly shorter than flow times. Fig. 7b shows pressure drop along
the core, its third section and across Sections 2 and 3. Fig. 7c–e
presents zoom-in for each constant rate injection during small
time period from the beginning of each injection. Pressure drop
gradually increases during each constant-rate injection for core
and all sections; the gradual permeability decrease is explained by
fines migration and straining.

The stabilised values of permeability for the overall core and its
sections are shown in Fig. 8. The higher is the flow rate the
lower is the permeability. It is explained by accumulation of
strained particles sequentially mobilised under the increasing
flow rate.

Fig. 7 shows that the impedance curve for the third core section
is above that for the second and third sections; the overall core

impedance curve is the lowest. Consequently, the average perme-
ability of the overall core is higher than that for the second and
third sections; the third section has the lowest permeability. The
same relationship is revealed from Fig. 8, which shows the
stabilised permeability of the core and its sections after long-
term injection. Let us explain the phenomenon. The mobilised
fines move along the core with a certain speed. This is the velocity
of the clean water front moving from the core inlet along the core
from the beginning of injection. Particle size exclusion causing
permeability reduction is going on ahead of the front, the
suspended fines are absent behind the front. The larger is the
distance between the core inlet and a point in the core, the longer
is the period if particle straining occurs at this point, and the lower
is the final permeability. The profile of the final permeability along
the core is given by a declining curve.

Now let us discuss the obtained values of stabilisation times
with consequent conclusions about the fines drift velocity. It is
assumed that the fines are lifted by an abrupt velocity alternation
during the time period that is negligibly smaller than the reference
time of flow in the core. Therefore, the concentration front of the
injected particle-free water moves with the water velocity from
the core inlet at the beginning of injection. The diffusive front
thickness is significantly smaller than the core length. Size exclu-
sion of mobilised fines stops at the moment of concentration front
breakthrough, i.e. after one pore volume injected. The assumption
that mobilised particles are transported by carrier water results in
one pore volume value for stabilisation time.

However, the observed stabilisation times highly exceed one
(Table 2). It shows that the mobilised particles drift with a
speed that is significantly lower than the velocity of the carrier
water. This drift can be a total of different micro-motions, such as
rolling over the rock surface or sliding along the pore wall
segments (Yuan and Shapiro, 2010). The particle can be mobilised
and move with the carrier fluid until the neighbouring
asperity, either leaving it or remaining attached. The range of the
transition time in PVI, which is equal to the ratio between the
velocities of the carrier water and the drift, varies from 10 to 27
(Table 2).

Fig. 9 shows stabilisation time versus velocity of the carrier fluid
for the conditions of all tests performed. The upper curve corre-
sponds to the cores with higher permeability values that have been
cut off the second rock block (Tests 21–24, see Table 2). The lower

Fig. 6. Results of XRD analysis of the fines from produced fluid.
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curve corresponds to the cores with lower permeability values that
have been cut off the first rock block (Tests 8–20). The points are
not expected to be located exactly on two curves, since the

transition times for the different points have been calculated from
tests with different cores. However, the curves show the following
tendency: the higher is the carrier fluid velocity, the smaller is the

Fig. 7. Comparison of the model tuned predictions with impedance's data from Test 12: (a) impedance history; (b) pressure drops across the core and its sections versus PVI;
(c) history of pressure drops across the core and its sections for rate 10 mL/min; (d) zoom for pressure drops across the core and its sections for rate 20 mL/min for small
times; (e) pressure drops for rate 30 mL/min for small times.

Fig. 8. Stabilised permeability versus velocity as obtained from pressure drop
measurements across the overall core and its sections (Test 12).

Fig. 9. Permeability stabilisation time versus flow velocity for 16 tests.
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transition time or, the higher is the particle drift speed. It is
explained by the proportionality between the flow velocity and
the drag force exerting on the particles at the rock surface.

During the injection of suspensions in porous media, the break-
through time varies around one PVI. Small deviation of the break-
through time from unity is explained by accessibility of the pore
space for finite size particles (Ilina et al., 2008) or by the interplay
between the particle capture and diffusion (Altoe et al., 2006). So,
the injected particles move with the carrier fluid. On the contrary,
for conditions of the laboratory tests presented in the current work,
the detached particles perform a slow motion near to pore walls.
Nevertheless, the above does not exclude the possibility for particle
detachment into the main stream of the carrier fluid resulting in
faster particle transport. It may occur at higher flow velocities and
requires further laboratory investigation.

General tendency of the impedance growth during injection
with velocity increase is evident from Fig. 7. However, some short
time impedance decrease has been observed during the test.
Fig. 7a shows the J(tD)-curve decline after the rate switching from
1 mL/min to 10 mL/min. We explain it by formation of multi-
particle bridges at the pore throat entrances during the induced
fines migration. The abrupt rate increase may destruct the bridge
and yield the fines mobilisation, resulting in a temporary perme-
ability improvement. The effect is observed mostly at low velo-
cities (Fig. 7). It agrees well with the above mentioned explanation
of the short time impedance decline, since bridging occurs at low
velocities (Tiab et al., 2004; Civan, 2007).

The explanation of permeability decline due to fines migration
during the flow with increasing injection rate can be verified by
applying the NMR (T2 distribution) test on each core. A possible
shift in T2 distribution could be used to indicate pore plugging by
the migrating fine particles (see Arns et al., 2005).

6. Conclusions

Corefloods under sequentially increasing velocity with pressure
drop measurements allow drawing the following conclusions:

(1) Corefloods exhibit almost instant permeability response to
abrupt rate change, suggesting that the fine particles are
mobilised instantly

(2) Stabilisation time highly exceeds one pore volume, suggesting
that fine particles migrate with the velocity that is significantly
lower than the carrier water velocity

(3) The higher is the velocity, the lower is the stabilisation time. It
is explained by the proportionality between the velocity and
the drag force driving mobilised particles near to pore walls;

(4) The post-mortem permeability decreases along the core, since
more remote core points are exposed to straining by lifted
fines for longer period.
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