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Rock permeability is not a constant value, it depends on many factors, including the presence of small particles in the fluids and
porous medium - colloids that can clog pore channels and reduce permeability. The effect of natural colloids migration, as a
rule, is not taken into account when determining the dependencies of permeability on effective pressure, this phenomenon is
often ignored by many authors and interpreted as a result of the influence of other factors. The reason for insufficient attention
to the fact of mobilization and migration of natural colloids is the difficulty of identifying this phenomenon. It was found that
with a change in the effective pressure in the initial period of oil production in real conditions, permeability can decrease more
than according to laboratory studies. With a small change in effective pressure, when the probability of a decrease and hysteresis
of permeability due to deformation of the porous reservoir is extremely small, the dependencies of permeability on the amount
of oil produced were established. This fact confirms the probability of the influence of migration of natural colloids on the
decrease in permeability and emphasizes the need to study it. The aim of the work is to study the effect of colloid migration on
the permeability of porous sandstones with changes in the fluid injection rate and pore pressure. The article presents the
methodology and results of core filtration tests taking into account the decrease in the permeability of the porous medium
caused by the migration of natural colloids during fluid injection. The conditions of filtration tests exclude other permeability
factors, such as creep and chemical mobilization of colloids. The results obtained demonstrate the dependence of permeability
on colloid migration with changes in the fluid injection rate and pore pressure. Filtration studies of core samples using the
proposed technique showed that the permeability of the cores decreases only with fluid movement inside the samples, which is
direct evidence of pore clogging due to the migration of natural colloids. It was found that a decrease in pore pressure leads to a
more intense decrease in permeability during injection, which indicates additional mobilization of colloids. Porous media with
higher permeability are less sensitive to colloid migration and changes in pore pressure.

TpoHUIIAeMOCTb TOPHBIX IOPOJ He ABJIAETCA MOCTOAHHOH BeJIMYMHON, OHA 3aBUCUT OT MHOTMX (aKTOpOB, B TOM YHCJIe OT
HaJINYMA B COCTaBe (QIIOUAOB M MOPHCTOI Cpeibl MeJIKUX YaCTHUI] — KOJJIOM/IOB, KOTOpPbIE MOTYT 3aKylOPUBATh OPOBHIE KaHAJIBI
Y CHIDKAaTh NMPOHUIIAeMOCTh. DdeKT MUrpanuu NPUPOJHBIX KOJUIOWAOB, KaK IPABHJIO, HE yYHUTHIBAETCA MPH ONpeJesIeHuH
3aBHCHMOCTEH TPOHHUIAeMOCTH OT 3((EKTUBHOTO [aBJIeHHsA, 3TO fABJIEHHE YacTO WTHOPUPYeTCS MHOTMMH aBTOPaMH M
MHTEpIPeTUPYeTCA KaK pe3yJsbTaT BJIMAHUA APYrUX GpakTopos. [IPUUMHOI HeJOCTaTOYHOTO BHUMAHHA K (GaKTy MOOMIM3AIMU 1
MUTrpanyy NPUPOJHBIX KOJJIOMJOB ABJIAETCA CIOXKHOCTb MAEHTH(UKALMN AAHHOTO ABJIEHUA. BBIABIIEHO, YTO NP U3MEHEHHH
9¢PeKTUBHOrO JaBjeHHs B HaYaJIbHBI Nepuof A0OBYM HedTH B peasybHBIX YCJIOBHAX HPOHUIAEMOCTh MOXET CHIKAThCA
CHUIbHEe, 4eM MO JaHHBIM JIAG0OpaTOPHBIX HccJiejoBaHui. [Ipy MasoM n3MeHeHUH 3G eKTUBHOTO JaBJIeHHsA, KOTJa BePOATHOCTh
CHIDKEHUsI M THCTepe3uca NPOHMIIAEMOCTH 0 NpUuuHe JedopMalnuy IIOPOBOro KOJUIEKTOpAa KpaiiHe Majla, yCTaHOBJIEHB
3aBHCUMOCTH IIPOHMIIAEMOCTH OT KOJIMYecTBa AoOhTOiH HedTu. JaHHbI GakT NoATBEpXkAaeT BePOATHOCTh BJIMAHMA MUTPalUK
MPUPOJHBIX KOJUIOUIOB HA CHIDKEHME IIPOHUIIAeMOCTH U NOA4YepPKUBaeT HeoOXOJUMOCTb ee u3ydyeHus. Llesbio paboTsl ABIAeTCA
U3yueHHe BJIMAHUA MHIPALUU KOJUIOUAOB HA IPOHHUIAEMOCTb IIOPUCTHIX IECYAHMKOB IPU H3MEHEHHUH CKOPOCTH 3aKaukKH
JKUIKOCTH U TIOPOBOTO JaBJieHUsA. B cTaThe mpezcTaBJieHbl METOJUKA M Pe3yJIbTaThl (UIbTPALIOHHBIX HCIBITAHUI KEPHOB C
Y4YETOM CHIKEHHsA NMPOHUIIAeMOCTU MOPUCTOH CpeJibl, BHI3BAHHOTO MUrpalyell NPUMPOJHBIX KOJUIONO0B INPU 3aKauke JKUAKOCTH.
Venosua GUIBTPAIMOHHBIX MCHBITAHUN HCKIIOYAIOT Apyrve (HakTophl IPOHULAEMOCTH, TaKue KakK IO0JI3y4yecTbh U XUMHYecKas
MOGUIM3aLUsA KOJIJIONAO0B. TToJIyueHsl pe3yJibTaThl, AeMOHCTPUPYIOIUe 3aBUCUMOCTD IIPOHUIIAEMOCTH OT MUTpaLUy KOJLJIOMJI0B
Py U3MEHEHHU CKOPOCTH 3aKauKH JKUAKOCTU U NOPOBOTO AaByieHuA. (DUIIbTPAIOHHBIE HCCJIEJOBAHHA OOpaslOoB KepHa II0
npeJUIOXKEHHON MeTOAMKe IMOKA3aJk, 4TO IPOHHIAEMOCTh KEePHOB yMEHBIIAeTCsA TOJIBKO NpPU ABMXKEHHH XUIKOCTH BHYTPHU
0o0pasloB, 4YTO sABJIAETCA NPAMBIM [0KAa3aTeJbCTBOM 3aKYNOPKM MOpP BCJIEACTBUE MUTPalMM NPUPOAHBIX KOJUIOUJOB.
VcTaHOBJIEHO, YTO CHIXXEHME MOPOBOrO [aBjIeHUs NPUBOAUT K 60jlee MHTEHCMBHOMY CHIDKEHHIO NPOHMLAEMOCTH NP 3aKauke,
3TO CBUJETEJILCTBYET O JONOJIHUTEbHON MOGHIM3anuy KoJiioujaos. ITopucTele cpezibl ¢ Gosblliell NPOHUIAEMOCTBI0 MeHee
YyBCTBUTEJIbHBI K MUTPAL[X KOJIJIOMJOB U U3MEHEHHIO IIOPOBOTO AaBJIEHNUA.
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Introduction

During the development of oil and gas fields the
reservoir permeability decreases due to a decrease in
reservoir pressure, as which result significant reserves
of oil and gas may remain in the reservoir. During the
extraction of hydrocarbons or the water injection, the
pore pressure and effective pressure change, the
reservoirs are deformed and their permeability changes
[1-3]. Effective pressure according to K. Terzaghi [4] is
the difference between the rock pressure caused by the
mass of overlying rocks and the pore pressure.

FPy= B - P, 1)

where P, — effective pressure; P, — rock (lithostatic)
pressure, due to the weight of the overlying rocks; B, —
bed (pore) pressure of liquid in the pores of a
productive formation.

Modeling of permeability during reservoir
depletion is necessary to determine the timing
and completeness of hydrocarbon production. The
problem of permeability changes is the subject of a
significant number of studies where the sensitivity of
rock permeability to effective pressure is mainly
determined in laboratory studies of core samples. In
addition to laboratory core studies, the sensitivity of
permeability to changes in effective pressure can be
determined using hydrodynamic well testing (HDWT)
data [5-7]. In both cases researchers agree on the
general conclusion that permeability is a power-law or
exponential function of effective pressure [6, 8-11].

Despite the widespread use of laboratory flooding
methods, the results of laboratory studies may be
insufficient to describe the properties of real
reservoirs. Studies [6, 9] have shown that the
sensitivity of rock permeability to effective pressure
determined by HDWT is higher than that determined
in the laboratory. The main reasons for these
differences are as follows:

1. Permeability determination based on well field
testing data reflects the integral permeability of the
formation taking into account its zonal and layered
heterogeneity. A decrease in formation pressure leads
to the closure of cracks, separation of individual
interlayers, as a result of which the overall permeability
of the formation decreases sharply.

2. The selected core material after extraction from
the well and natural stress relief undergoes significant
changes in the form of volumetric deformations and
can no longer reflect the actual properties inherent in
the initial conditions of its occurrence.

In work [6], well testing data from fields in the
north of Perm Krai were used to compare the results
of laboratory studies with real processes in oil
formations. Well field testing data were used for the
analysis conducted immediately after drilling in the
initial period and after some time of operation of
production wells. Due to strict selection criteria based
on reservoir pressure and water cut of the product,
such factors influencing permeability as paraffin and
salt precipitation, decrease in phase permeability of
oil due to gas or water penetration and also operations
to enhance oil recovery of the formation are excluded.
For the analysis, dependencies of permeability
normalized with respect to initial permeability, on

effective pressure are constructed. As a result, it was
established that permeability decreases more
intensively with increasing effective pressure in real
conditions than in laboratory studies. Coefficient
analysis of the equations showed that the intensity of
permeability decrease also depends on the initial
permeability of rocks, namely: more permeable rocks
are less sensitive to changes in effective pressure, this
correlates with the results of papers [12, 13] which
state that larger pores have lower compressibility
applying to both terrigenous and carbonate rocks.
Thus, in paper [6] it was concluded that low-
permeability formations are more sensitive to changes
in pore pressure during hydrocarbon production. A
detailed study of the pore space structure also
confirmed that the main reason for the decrease in the
permeability of low-clay rocks in the initial period of
production is the migration of natural colloids.

The permeability of fractured rocks depends more
on the effective pressure than porous rocks, since the
change in permeability is caused by the opening or
closing of cracks [14].

With a cyclic change in the effective pressure
permeability hysteresis and its incomplete recovery
when the effective pressure returns to its original state
[9, 15-19] is observed. Permeability hysteresis does not
depend on the type of rock, the type of porosity,
fracturing, the nature of the change in effective
pressure (due to pore or rock pressure) [17, 18].

The generally accepted cause of permeability
hysteresis is plastic deformation of the pore space
which can occur under loads exceeding the tensile
strength of the rock minerals [20-23] or due to creep
[24, 25]. These phenomena are well observed in plastic
rocks containing a large number of weak, plastic
minerals, such as various types of clay. However, in
stronger rocks, such as clean sandstones with a low
content of clay cement, permeability hysteresis is also
observed including with small changes in effective
pressure where plastic deformations are unlikely. For
example, in work [26] it is indicated that with a
decrease in effective pressure by less than 5%,
permeability decreases catastrophically.

In weakly clayey porous rocks where microcracks
are present, the main decrease in permeability occurs
due to the closure of microcracks. According to the
computed tomography data, in work [27] it is noted
that microcracks close under load, while the size and
shape of the pores do not change. It is noted that the
compression of microcracks can lead to a decrease in
permeability only at large values of the effective
pressure change from units to tens of MPa. However,
the analysis of oil fields in the Perm Territory [28]
showed that permeability hysteresis manifests itself
with a smaller fluctuation in reservoir and effective
pressures in the initial period of oil production.

In paper [28] an example of permeability hysteresis
is given based on the analysis of well testing data.

In the initial period of operation,the decrease in
effective pressure in most wells was less than 5 % (in
rare wells — 10 %), with such a small change in
effective pressure, the probability of deformation of the
reservoir in question is extremely small and a decrease
in permeability due to narrowing of pores and
compression of microcracks is unlikely. At the same
time, it was found that permeability has a clear
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dependence on the amount of oil produced from the
well. It should be noted that there are very few studies
on changes in the permeability of oil reservoirs with
cyclic changes in effective pressure according to well
testing data [5-7, 28].

In a laboratory study [29] on strong sandstones,
with a significant decrease in pore pressure from 18 to
8 MPa, a decrease in permeability is observed not due
to deformations but only during fluid injection.

Thus, a decrease in permeability that is not
proportional to the deformations that could occur
with a change in effective pressure indicates the
presence of some other internal factors. The reasons
for a decrease in permeability from effective pressure
may be the following: narrowing of pores due to an
increase in effective pressure, deposition of organic
and inorganic sediments in pores and migration of
natural colloids. The criteria for selecting the initial
data in the considered works exclude the influence of
the first two factors, and a decrease in permeability
and its hysteresis are observed only as a result of fluid
movement, in connection with which the most likely
cause of a decrease in permeability and its hysteresis
is assumed to be the migration of natural colloids
within the pore space.

Migration of natural colloids in porous media

It has been established that during geological
processes of formation and burial of strata, during
deformation processes caused by subsidence of strata,
changes in pore pressure or tectonic movements, a
large number of free particles of colloidal size from
several nanometers to 1 um are formed inside porous
media [30-35]. Colloids in rocks can also appear from
the outside as a result of filtration of contaminated
liquids [36, 37]. As numerous studies have shown, a
change in filtration rate leads to the release of colloids
[31, 36-51] which can be located on the walls of pores
[46], accumulate in the mouths of pores [52], clog
interpore channels and form so-called bridge plugs [40,
53] and lie in stagnant zones [47]. The release of
colloids is indicated by a change in the concentration of
colloids in the effluent washed out of the porous
medium [30], a change in the geometry of the pore
space [51] and a change in hydraulic conductivity —
permeability [43, 54-57, 60].

The migration of colloids inside the porous
medium during fluid injection contributes to the
blocking of pore channels and a decrease in the
permeability of both porous [30, 36, 58] and fractured
media [54, 59, 60-61].

Currently, the presence of natural colloids in
routine tests during core flooding is often not taken
into account and their effect on permeability is simply
ignored by many researchers and can be interpreted as
a result of the other factors influence. The reason for
insufficient attention to the fact of mobilization and
migration of natural colloids is the difficulty of
identifying this phenomenon [62]. The main evidence
supporting the migration of colloids during fluid
injection is direct connected with the analysis of
colloid concentrations based on effluent data, and
indirect describing the analysis of permeability
changes during neutral liquid or gas injection [63].
Collection and analysis of effluent during core

flooding is performed to assess colloid movement and
their effect on permeability [31, 38, 41, 49, 52, 64].
However, experiments are performed under certain
limitations: for effluent collection, the sample outlet
line must be as short as possible to avoid mixing and
errors in measuring the colloid concentration,
therefore, in all works where effluent collection is
performed, the outlet line pressure is equal to
atmospheric pressure [31, 38]. Collecting effluent to
determine colloid concentrations in the presence of
backpressure is currently technically impossible,
therefore, existing studies do not take into account the
combined effect of pore pressure changes and colloid
migration. The use of filters at the outlet does not
show the dynamics of colloid concentration with a
change in filtration rate and it is quite difficult to
estimate the amount of washed colloidal particles,
especially if the colloid sizes are several tens of
nanometers.

In some studies computed tomography of rock
samples is also used to determine the effect of colloids
on permeability. Due to insufficient resolution,
computed tomography allows only a significant change
in the structure of the pore volume to be estimated at a
high concentration of colloids in the fluid. It is
impossible to estimate the migration of natural colloids
in detail by elements using computed tomography,
since the maximum existing tomography resolution
exceeds the size of colloids by more than tens and
hundreds of times, even at a relatively high resolution
of 1.6 um [52, 53, 64].

It has been established that during geological
processes of formation and burial of strata, during
deformation processes caused by subsidence of strata,
changes in pore pressure or tectonic movements, a
large number of free particles of colloidal size from
several nanometers to 1 um are formed inside porous
media [30-35]. Colloids in rocks can also appear from
the outside as a result of filtration of contaminated
liquids [36, 37]. As numerous studies have shown, a
change in filtration rate leads to the release of colloids
[31, 36-51] which can be located on the walls of
pores [46], accumulate in the mouths of pores [52],
clog interpore channels and form so-called bridge
plugs [40, 53] and lie in stagnant zones [47]. The
release of colloids is indicated by a change in the
concentration of colloids in the effluent out washed of
the porous medium [30], a change in the geometry of
the pore space [51] and a change in hydraulic
conductivity — permeability [43 , 54-57, 60].

The migration of colloids inside the porous
medium during fluid injection contributes to the
blocking of pore channels and a decrease in the
permeability of both porous [30, 36, 58] and fractured
media [54, 59, 60-61].

Currently, the presence of natural colloids in routine
tests during core flooding is often not taken into
account and their effect on permeability is simply
ignored by many researchers and can be interpreted as
a result of the influence of other factors. The reason for
insufficient attention to the fact of mobilization and
migration of natural colloids is the difficulty of
identifying this phenomenon [62]. The main evidence
supporting the migration of colloids during fluid
injection is direct: analysis of colloid concentrations
based on effluent data, and indirect: analysis of
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permeability changes during neutral liquid or gas
injection [63]. Collection and analysis of effluent
during core flooding is performed to assess colloid
movement and their effect on permeability [31, 38, 41,
49, 52, 64]. However, experiments are performed under
certain limitations: for effluent collection the sample
outlet line must be as short as possible to avoid mixing
and errors in measuring the colloid concentration,
therefore, in all works where effluent collection is
performed, the outlet line pressure is equal to
atmospheric pressure [31, 38]. Collecting effluent to
determine colloid concentrations in the presence of
backpressure is currently technically impossible
therefore existing studies do not take into account the
combined effect of pore pressure changes and colloid
migration. The use of filters at the outlet does not show
the dynamics of colloid concentration with a change in
filtration rate and it is quite difficult to estimate the
amount of washed colloidal particles, especially if the
colloid sizes are several tens of nanometers.

In some studies computed tomography of rock
samples is also used to determine the effect of colloids
on permeability. Due to insufficient resolution,
computed tomography allows only a significant change
in the structure of the pore volume to be estimated at a
high concentration of colloids in the fluid. It is
impossible to estimate the migration of natural colloids
in detail by elements using computed tomography,
since the maximum existing tomography resolution
exceeds the size of colloids by more than tens and
hundreds of times, even at a relatively high resolution
of 1.6 um [52, 53, 64].

Justification of the methodology

Usually, the permeability of porous and fractured
media is determined during long-term injection until
the pressure drop or flow rate stabilizes [24, 48, 53, 73,
74]. During this time a large volume of liquid can flow
through the sample exceeding several tens or hundreds
of pore sample volumes [53, 71] and during this time
colloids migrate in the pores or cracks. This approach
does not allow us to estimate the contribution of
natural colloid migration to the overall decrease in
permeability during the initial period of injection after
changing filtration conditions or effective pressure [5,
6]. This leads to the fact that many researchers often
simply ignore this phenomenon and interpret the
decrease in permeability to a greater extent as a result
of creep [25]. Despite a large number of studies
devoted to permeability degradation, the problem of
the combined effect of effective pressure and colloid
migration on the permeability of porous media remains
poorly understood. Only a few articles have been found
that consider the combined effect of pore pressure
changes and colloid migration on the hydraulic
conductivity of fractured samples.

In papers [49, 54, 56, 57, 60] the filtration of
fractured samples was studied under variable pore
pressure and constant confining pressure.

The studies established that the hydraulic
conductivity of fractures depends on the mobilization
and movement of colloids along the fracture.

At a constant fluid flow rate a monotonic decrease
in the hydraulic conductivity of the fracture occurs due
to clogging with destroyed particles formed during

cracking of the sample. Fluctuations in pore pressure
lead to an increase in the hydraulic conductivity of the
fracture due to unclogging. The greater is the amplitude
of the pressure during fluctuations, the greater is the
increase in permeability.

In a rock with a fracture the increase in
permeability does not depend on the salinity of the
filtered water [60]. Fluctuations in confining pressure
lead to a decrease in the hydraulic conductivity of the
fracture due to gradual compaction [49].

In this paper the authors propose a method and
based on it attempt to evaluate the effect of colloid
migration on the degradation of porous medium
permeability during filtration including with changes
in pore pressure. Using sandstone core samples as an
example, the results obtained demonstrate the
dependence of permeability on colloid migration with
changes in the fluid injection rate and pore pressure.

This method allows one to evaluate the degradation
of porous media permeability during migration of
natural colloids without collecting and analyzing
wastewater due to the complexity of accurately
sampling the leached liquid at the filter structure.
In our case we judge colloid migration by the decrease
in sample permeability when injecting clean liquid.

A comparison of the developed method with
traditional stationary core flooding was carried out and
it was found that the developed method excludes the
influence of such factors as chemical reactions and the
creep effect on permeability.

Description of the core

The work tested 5 samples of cylindrical core 30
mm in diameter and 30 mm in length. The core was
obtained from oil-saturated formations of the Komi
Republic field, the porosity of the samples is from
7.85 to 10.31 %, permeability is from 0.98 to
72.25 mD, the initial pore pressure is 27.1 MPa. The
core rock is weakly clayey sandstones and siltstones.
The properties of the core are shown in Table 1. The
essence of this study is to show that permeability is
affected not only by the compression of pore channels,
but also by the migration of colloids, therefore, in the
framework of this study, the nature of the rock is not
of particular importance, and the most important
thing is that the samples are porous and do not have
artificial and natural cracks. The structure of the pore
space of the samples was assessed using computed
tomography (CT) and a scanning electron microscope
(SEM) before and after fluid injection. CT was used to
check the absence of cracks and the homogeneity of
core properties as well as to compare changes in the
pore space structure before and after core flooding.
CT showed that the samples were free of cracks but
they had a slight layered heterogeneity parallel
to the filtration axis and all samples contained a small
amount of pyrite. The SEM results showed the
presence of colloids on the mineral grains of the
sample (Fig. 1). The photograph shows that the
colloids are represented by particles of various sizes
and shapes, while the colloids are significantly smaller
than the pore size. The right side of the photograph
(see Fig. 1, b) shows the presence of clay mineral
plates which can also be a source of colloids. The
composition of colloids is usually similar to the
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composition of mineral grains and cement that makes
up the rock and is represented by various types of
quartz and clay minerals [30].

From the analysis of SEM photographs the following
was obtained:

+ in sample 1 (see Fig. 1, a) which has the lowest
permeability there are no large visible pores and a large
number of colloids are present;

» sample of medium permeability 3 (see Fig. 1, b)
has large visible pores and a large number of colloids of
various sizes from large to small;

« in highly permeable sample 5 (see Fig. 1, ¢) large
pores are visible, colloids on grains are not observed
but there are large fragments of grains.

The obtained information on the structure of the
porous medium allowed us to draw a conclusion about
the influence of colloid migration on the change in
permeability during filtration. The dependences of
permeability reduction on the ratio of pore diameters
and colloids were not constructed, since: firstly, the
samples used have a sufficiently high layered
heterogeneity which does not allow an adequate
assessment of the effect of the sizes of pore channels
and colloids on permeability reduction; secondly,
existing tools (including computed tomography) do not
allow us to assess the number and size of colloids in the
volume of the pore medium in a free state.

Core filtration

The Auto Flood Reservoir Conditions, AFS-300
system by Core Laboratories was used for core flooding
(Fig. 2, a). The setup allows monitoring the core
flooding conditions with simultaneous measurement of
flow rate and pressure at the sample inlet and outlet,
creates a compression pressure simulating rock
pressure, and maintains a certain temperature. The
basic diagram of the setup is shown in Fig. 2, b.

Before testing the samples were cleaned of
formation fluid residues and dried to a constant
weight. Deionized water and kerosene were used as
liquids. The samples were placed in a core holder at
an initial temperature of 25 °C, a confining pressure of
45 MPa and a pore pressure of 18 MPa. The core was
flooded parallel to the rock layers. Sample 3 was first
filtered with deionized water, then dried and
impregnated with kerosene for reverse filtration.
Studies [55, 69] have shown that rocks have a stress
memory which means that re-application of a lesser or
equal load reduces the likelihood of irreversible
deformations and creep. In order to relieve stress and
minimize the effect of creep on permeability, the
samples were maintained at a given pore pressure and
confining pressure for 24 hours before injection. The
pore pressures and confining pressures of the tests do
not exceed the actual conditions of occurrence of the
rocks from which the samples were taken also in order
to minimize the effect of creep on permeability.

The core flooding was carried out with a cyclic
change in the injection rate at a constant confining
pressure. The injection rate was changed stepwise from
1 to 5 cm®/min, at each rate the injection lasted about
5 minutes. The entire injection cycle lasted about
2-3 hours depending on the permeability of the sample.
The pore pressure during injection was defined as the
average pressure at the inlet and outlet and could

Fig. 1. Sample REM: 1 (a), 3 (5), 5 (o)

Table 1
Properties of core samples
Sample Porosity, Permeability,  Fluid/Flow Rock
number % mD Direction
Water/One Low clayey
1 785 0.98 Direction siltstone
2 10.16 72.25 Water/One
Direction
Water/One
3 8.33 27.97 Direction and  Cemented clay-
Kerosene / free sandstone
Reverse (clay content
0,
4 10.31 47.97 Kero§ene ./ less than 2 %)
One Direction
5 8.45 52.12 Kerosene /

One Direction

change up to 0.4 MPa from the initial value with an
increase in the injection rate. This means that the
effective pressure changes by less than 1.5 % which is
an extremely low value when the formation of
microcracks in the rock sample matrix and their effect
on permeability are unlikely [54]. A stepwise change
in the fluid injection rate is necessary for the
mobilization of colloids so several mechanisms are
used in the experiment: with an increase in the
injection rate, the colloids are mobilized and dispersed
in the moving flow [69], at a low injection rate the
colloids combine into larger agglomerates and
partially clog the pores, a further increase in the
injection rate destroys the agglomerates and carries
the colloids further into the pore space [69].
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Fig. 2. Photo (a) and schematic diagram (5)
of the core testing setup

In order to ensure that the decrease in permeability
is not caused by creep, the fluid injection was also
carried out in three cycles. After the first filtration
cycle, the sample was kept for 24 h, then filtered under
the same conditions; After the second cycle, the pore
pressure was reduced from 18 to 13 MPa at a constant
confining pressure, the sample was kept for 24 hours
and the third injection cycle was carried out.

During the injection the data from the pressure
sensors at the inlet and outlet of the sample and from
the liquid flow sensors were recorded at a frequency of
one measurement per 3 s.

Based on the obtained data on the injection rate, the
pressure drop at the inlet and outlet of the sample,
based on the viscosity of the liquid and the size of the
sample, the instantaneous permeability was determined
using the Darcy formula. The calculated values of
instantaneous permeability were filtered using the
Matlab program, based on the results, graphs were
constructed (Fig. 3-5) of the change in relative
permeability (k / k, where k is the instantaneous
permeability, k, is the initial permeability) on the
volume of the injected liquid, expressed in the number
of pore volumes V' / V,, where Vis the volume of the
injected liquid, V is the volume of the pore space of
the sample. During injection, the flow rate of the liquid
(¢) served as a control parameter, and since the
samples have different porosity and permeability, the
average velocity of the liquid through the core samples
(v) was used for comparative evaluation, which was
determined by the formula:

where m - porosity, S - sample square.

Stage 1. Water injection

At the first stage of the studies deionized water was
filtered through samples 1, 2 and 3 after vacuum
saturation for one cycle.

As a result, the permeability of the samples
decreased from 14 to 50 % (Fig. 3). Despite the
practically identical average velocity of liquid
movement through the porous samples, the
permeability decreases differently. In samples 1 and 2
the permeability changes unevenly while in sample 3
it occurs almost linearly depending on the volume
of the pumped liquid. Local pulse changes in
permeability on the graphs (see Fig. 3-5), coinciding
with the change in the injection rate are associated
with transient modes and do not reflect the general
change in permeability and can be neglected.

Another important parameter affecting the
sensitivity of the permeability between a porous
medium and colloid migration is the pressure gradient
[52, 65] which is defined as the ratio of the pressure
drop at the inlet and outlet of the sample to the length
of the sample. In our case all samples have the same
length so for ease of comparison we can use the
maximum pressure drop at the sample inlet and outlet
during the filtration cycle APmax.

The total decrease in permeability of sample 1
was 14 %. The sample has a relatively low
permeability; during injection the maximum pressure
drop on the sample was 6 MPa which is quite a high
value. In addition to the migration of colloids the
change in permeability at such a high pressure drop
could be influenced by the opening of micro- and
macrocracks, as evidenced by the clear dependence
of permeability on the change in injection rate (see
Fig. 3, a). In addition, with such a large pressure
drop, there is a high probability of washing out most
of the colloids from the pore space [65]. During
filtration of samples 2 and 3 the maximum pressure
drop was 0.05 and 0.35 MPa, respectively, while the
effective pressure changed by less than 1.5 % which
is an extremely low value when the formation of
microcracks in the matrix of the rock sample and
their influence on permeability are unlikely [54].

Sample 2 is characterized by the highest
permeability and the lowest pressure drop of 0.05 MPa.
The overall permeability decrease was 25 % (see
Fig. 3, D). Permeability depends on the fluid injection
rate which is characterized by a stepwise change; in
this case the mechanisms of colloid retention with a
decrease in the fluid flow rate prevail over the
entrainment of colloids which may be the result of
colloid attachment to the pore walls [38]. Sample 3
shows the greatest decrease of up to 50 % in
permeability. In this case the main degradation of
permeability occurs at the beginning of the filtration
cycle, similar to papers [35] then the change in
permeability stabilizes and becomes almost linear (see
Fig. 3, o). It was also found that at high flow rates,
permeability decreases less quickly than at low flow
rates (see Fig. 4). This suggests that at high flow rates
the processes of colloid mobilization and entrainment
prevail over retention, in which case the decrease in
permeability is not a consequence of bridging but is
due to the attachment of colloids to the pore walls.
The absence of a bridging mechanism when changing
permeability in samples 2 and 3 can also be associated
with the large pore size relative to the size of
the colloids [72]; in these samples, the decrease in
permeability at high fluid velocity is less intense than
at lower velocity, similar to work [31]. Another
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explanation for the fact that at higher injection rates
the permeability decreases less is that the filtration
program implies a cyclic change in fluid velocity
(albeit with a low oscillation frequency) which
contributes to the cleaning of pore channels [65]
while the pressure gradient in the sample changes
cyclically. To test the probability of creep influence on
permeability change after the first injection cycle,
sample 3 was left in the core holder for 60 h at
constant pore pressure and confining pressure; after
the holding period more than 100 pore volumes were
injected at flow rates of 1 and 2 cm®/min (see Fig. 3, o).
The results show that at the beginning of injection
after a pause, permeability has a slightly higher
value than at the end of the previous injection cycle.
This is explained by disturbances and the occurrence
of countercurrents inside the sample when filtration
stops after the first cycle and the liquid flow is
resumed. A similar phenomenon was observed later on
other samples while injecting kerosene; it is especially
pronounced when the pore pressure changes. Fig. 3, ¢
also shows that when injection is resumed,
permeability decreases quite intensively at the
beginning as in the first cycle but tends to stabilize.

With an increase in the flow rate to 2 cm®/min, the
permeability increased slightly and immediately
stabilized. In this case it can be said that conditions
have developed while the processes of mobilization and
retention of colloids are equivalent to each other or the
migration of colloids has completely ceased [65]. The
interaction of deionized water with clay particles can
lead to their dispersion and migration. The interaction
of deionized water with pyrite, its presence in the core
was established by the results of CT, can lead to the
formation of insoluble colloids of iron (III) hydroxide.
Due to the fact that we are only interested in the
migration of natural colloids, without the participation
of chemical processes and the interaction of clay with
water, an inert liquid - kerosene - was chosen for
further filtration.

Stage 2. Kerosene injection

The results of pumping pure kerosene through
the core samples are shown in Fig. 5. The decrease in
the permeability of the core samples ranged from
13 to 46 %.

For sample 4 (see Fig. 5, a) the permeability
decreased uniformly by 30% during the first and second
filtration cycles. After the second cycle, there was a
significant change in the filtration conditions due to an
emergency release of pore pressure and confining
pressure to 0 and 3 MPa, respectively.

After restoring the pore pressure and confining
pressure to 13 and 45 MPa, respectively, the sample
was kept for another 24 hours before the third filtration
cycle. This incident led to dramatic consequences, as a
result of which the permeability curve in the third
filtration cycle became steeper and more broken, and
the decrease in permeability from the amount of
pumped liquid was more intense than in the previous
filtration cycles. The pressure release could have led to
several consequences: a change in the size of the pore
channels due to plastic deformations and the release of
colloids due to elastic and plastic deformations.
However, no narrowing of the channels due to plasti
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Fig. 3. Change in relative permeability of samples 1 (a), 2 (b)
and 3 (¢). The confining pressure is 45 MPa, the pore pressure
is 18 MPa; in the dashed line there is a 60-hour pause
in injection during which the sample was maintained
at a constant pore and confining pressure
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Fig. 4. Change in relative permeability of sample 3 while
pumping deionized water. Black dotted lines show linear
approximations by equations. The slope of the permeability
curve at high fluid velocities is smaller than at lower fluid
velocities, this is evident from the coefficient of the linear
function: the larger the absolute value of the coefficient,
the more intensively the permeability decreases

deformations was observed. This conclusion is based
on the fact that the decrease in permeability occurred
only during fluid injection during a cycle that lasts
about 2-3 hours. If the narrowing of the channels had
actually occurred, then after a 24-hour pause, the
permeability at the beginning would have been less
than at the end of the previous cycle, but in our case
we observe the opposite. In addition to plastic, elastic
deformations can also lead to the appearance of a large
number of free colloids in the porous medium [33].
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Most likely, the elastic deformation of the core led to
the release of colloids, which was reflected in the
change in permeability in the third injection cycle.
The overall decrease in permeability was 46 %. In
sample 5 (see Fig. 5, b), the greatest decrease of
about 20 % in permeability occurs while pumping
the first 20 pore volumes during the first filtration
cycle, then the decrease in permeability occurs
smoothly, almost linearly, in each case about 5 %.
Such a moderate decrease in permeability is probably
due to the high layered heterogeneity of the sample
and the presence of highly permeable pore channels
parallel to the liquid flow when the migration of
colloids does not have such a significant effect [47,
72] which is also confirmed by the relatively
small maximum pressure drop of 0.08-0.09 MPa. The
overall decrease in permeability was about 28 %
while the decrease in pore pressure did not have a
significant effect on the change in permeability.
Sample 3 was preliminarily injected with deionized
water in the forward direction (see Fig. 3, o),
then the sample was dried, impregnated with
kerosene, and injected in the reverse direction
(see Fig. 5, ¢). The reverse direction of injection
led to erosion of the internal filter cake and
mobilization of a large number of colloids, as a result
of which in the first cycle of kerosene injection the
permeability first increases and then decreases in a
similar manner [36].

During massive migration of colloids in the first
filtration cycle, the predominant mechanism of
permeability reduction is colloid plugging in pore
throats. This conclusion can be drawn from the fact
that a stepwise increase in filtration flow leads to a
decrease in instantaneous permeability, while a
decrease in flow, on the contrary, increases
permeability, which is consistent with the conclusion
that the efficiency of particle retention by
colmatation increases with increasing flow velocity
[36, 37, 46]. In general, permeability decreases in
the first filtration cycle which is due to erosion of the
internal filter cake and the transfer of colloids into
the sample. Sample 3 demonstrated the maximum
permeability decrease in the third injection cycle
after a decrease in pore pressure. The permeability
curve has a steeper slope, which is probably due to
additional mobilization of colloids. At the beginning
of the third injection cycle, the permeability of the
sample is high but then rapidly decreases during
pumping of the first 10 pore volumes. The total
permeability decrease based on the results of three
cycles was 13 %. Thus, the results of the studies
showed that the permeability of the cores decreases
only when the fluid moves inside the samples which
is direct evidence that pore clogging occurs when the
fluid moves and this can only occur due to the
presence of natural colloids inside the rock and not
because of creep.

Injecting a large volume of fluid at different
flow rates can lead not only to the migration of
colloids and clogging of pores but also to the
cleaning of pores and the washing out of colloids
from the rock. When colloids are washed out,
permeability is expected to decrease first and then
increase [38]. The rate of washing out depends on
the injection rate, the size of particles and pore
channels as well as the size of the core sample. With
high porosity and permeability of the sample, an
increase in the fluid flow rate quickly leads to the
washing out of free particles and an increase in the
permeability of the medium [38]. In low-porosity
and low-permeability media, colloids can be washed
out over a fairly long time [43]. In our case, the
permeability decrease was constant throughout all
flooding cycles which indicates a sufficiently large
number of colloids and a low velocity of their
movement [43, 48].

In all samples, at the beginning of a new
filtration cycle a slight increase in permeability is
observed relative to the end of the previous cycle,
regardless of the pore pressure. This is explained by
the occurrence of countercurrents inside the sample
while stopping and then resuming injection. The
greatest difference in permeability is observed
between the end of the 2nd and the beginning
of the 3rd injection cycle after a decrease in pore
pressure which is also explained by the countercurrent
in the samples as a result of the pore pressure
release. Flow reversal, even at a small flow rate and
volume, can significantly change the permeability of
a porous medium.

An increase in effective pressure due to a decrease
in pore pressure had a greater effect on the change in
permeability of sample 3 (see Fig. 5, ¢) which has the
lowest absolute permeability.
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To a lesser extent a decrease in pore pressure
affected the permeability of sample 5 (see Fig. 5, b)
which has an average permeability. For sample 4 the
change in pore pressure led to a more intense decrease
in permeability (see Fig. 5, a) but this conclusion is
ambiguous due to the emergency pressure release
during filtration. In general, it can be concluded that an
increase in effective pressure with a decrease in pore
pressure leads to a more intense decrease in
permeability due to the mobilization of colloids; this
decrease is also affected by the gradient of pore
pressure in the sample. An assessment of the effect of
the average fluid velocity on permeability did not
reveal any obvious patterns because of the high
heterogeneity of the core samples used.

Conclusion

In this paper, the authors propose a method for
assessing the effect of colloid migration on changes in
the permeability of a porous medium during filtration
including changes in pore pressure. Using sandstone
core samples as an example, the results obtained
demonstrate the dependence of permeability on
colloid migration with changes in the fluid injection
rate and pore pressure.

This method allows us to assess changes in the
permeability of porous media during migration of
natural colloids without collecting and analyzing
wastewater. In this case, we judge the migration of
colloids by changes in the permeability of samples
during injection of pure liquid. Filtration conditions
exclude the influence of other factors on permeability,
such as creep and chemical mobilization of colloids.

Filtration studies of core samples using the proposed
method with variable fluid flow rates showed that core
permeability decreases only when fluid moves inside the
samples which are direct evidence of pore clogging due
to migration of natural colloids.

Flow reversal, even at a small flow rate and volume,
contributes to a shortterm increase in sample
permeability. The pore pressure reduction experiment
showed that narrowing of pore channels does not have
a significant effect on permeability, since the
permeability of all samples at the beginning of the cycle
is higher than at the end of the previous filtration cycle.

The pore pressure gradient affects the sensitivity of
porous media to colloid migration: the greater the
pore pressure gradient becomes the more intense the
decrease in permeability appeares.

Samples with higher permeability are less sensitive
to colloid migration when pore pressure changes.
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