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The reasons for the technogenic decrease in the filtering capacity of oil reservoirs are considered. It is shown
that the processes of transformation of the structure of argillaceous minerals are determining in this case.
They lead to the dispersion of argillaceous aggregates and the segregation of smectite and mica components.
The latter, being carried by a fluid flow and being mechanically fixed on the inhomogeneities of the pore
channels, can form a reverse electroosmotic flow (retarding filtration) due to the high surface charge having
no time to be compensated for. A mathematical model of the process has been constructed. The results of the
calculations are presented.

Introduction. The experience gained over many years in exploiting the largest oil deposits in Tatarstan and
other regions has made it possible to reveal a number of phenomena that are difficult to explain within the framework
of the traditional conceptions of oil production. Every so often the injection of fresh water from the surface basins into
an oil bed decreases the rate of filtration both in the face zones of injection wells and within the entire terrigenic res-
ervoir, especially in the case of its increased mudding. This process not infrequently becomes disastrous in the produc-
tive Devonian strata in Tatarstan. It has been established that the decrease in the density of the stratal water to 1.09
g/cm3 usually leads to the fact that the oil-saturated sandstone or siltstone with a content of the clay component of
more than 5% practically ceases to participate in the production [1]. Phenomena analogous in their consequences, even
though smaller in scale, are observed in some regions of Western Siberia.

Investigations concerning the evaluation of the character and scale of the phenomena involved in the decrease
in the mineralization of the stratal water within the oil-producing areas and oil pools in the territory of Tatarstan in
connection with the injection of fresh surface water into a bed were begun in 1982 and were continued during all the
ensuing years. In this case, it was initially suggested that the main reason for the decrease in the filtering properties
of an oil reservoir was the effect of swelling of the argillaceous cement of rocks, involved in the change of the hy-
drochemical regime of the bed. However, permeable rocks buried at depths of more than 1.7 km usually do not con-
tain montmorillonite (the main swelling component of clays) as an independent phase capable of swelling. This
contradiction stimulated the search for other causes and mechanisms of the negative effects involved in the technogenic
change in the hydromechanical regime of productive oil beds.

In [2], it has been established that here the main effect is the transformation of some argillaceous minerals to
others, involved in the change of the hydrodynamic regime of an oil bed in injection of fresh surface water. The main
method of investigation was x-ray diffractometry of oriented preparations obtained by precipitation of mineral particles
from the aqueous suspension on the surface of a glass plate. Visualization of the results of the technogenic transfor-
mation of the mineral composition of rocks has been performed with the use of a Hitachi HSM-2 scanning electron
microscope. We also carried out ordinary investigations of rocks in transparent metallographic sections by the method
of crystal optics [2]. Our main concern in the experiments was with the specimens of rocks from oil wells duplicating
injection wells and wells compacting the operation net on areas with a high degree of water encroachment of oil
pools. The main objective of the experiments was to detect the newly formed argillaceous minerals, which has been
realized in investigations of specimens from duplicate wells, and to demonstrate the mobility of the fundamental par-
ticles of the newly formed mica by analyzing the sediment from the settling basins of the plants for primary prepara-

Journal of Engineering Physics and Thermophysics, Vol. 76, No. 5, 2003

Kazan’ State University, 17 Universitetskaya Str., Kazan’, 42008, Russia; email: Maxim.Khramchenkov@
ksu.ru. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 76, No. 5, pp. 41–46, September–October, 2003. Original
article submitted October 23, 2002.

1062-0125/03/7605-1001$25.00  2003 Plenum Publishing Corporation 1001



tion of oil where these particles have been detected along with the traditional minerals of the sediment. A charac-
teristic feature of the process of transformation of minerals and of subsequent transfer of the dispersed phase is its in-
homogeneity over the bed section. The effect under study must lead to the removal of mica particles from the central
zone of the bed and to the appearance of an inhomogeneity in the filtrating properties of the initially homogeneous
bed. An analysis of the specimens of rocks has confirmed this conclusion. Our experiments have been described in
more detail in [2].

Thus, it has been established that the injection of weakly mineralized surface water into an oil bed leads to
the formation of secondary smectite (swelling component of clay) from illite. The field consequences of formation of
smectite (swelling) phases in an oil reservoir cannot be reduced to a simple increase in the capability of clays to swell.
Below we give calculations confirming this conclusion. The reverse transformation of illite, occurring in the volume of
a reservoir with time, represents a process directly dependent on the regimes of oil production. Since the crystalline
structure of micas is heterogeneous, the formation of smectite blocks cannot proceed simultaneously and homogene-
ously throughout their volume. As a result, there arises a system consisting of weakly connected mica plates–funda-
mental particles which are extended in a two-dimensional manner and are separated by regions with a smectite-like
structure. The introduction of water molecules into the newly formed labile interlayer spaces of smectite produces in-
tense mechanical stresses [3]. All this decreases the connection of the fundamental particles with the solid skeleton of
a rock. As a result, the reaction products can be mobilized by a fluid flow, forming a moving suspension.

A crystallochemical feature of micas, in contrast to other minerals forming the skeleton of rocks, is the exist-
ence of a high negative charge distributed over the entire volume of the silicate layer. In a homogeneous structure, it
is compensated for with cations K+. This charge forms a negative potential across the surface of mica particles, equal
to 4.25⋅10−4 e/nm2 (e is the electron charge) in the limiting case (where compensators are absent). Its value usually
does not exceed 0.8⋅10−4 e/nm2 for montmorillonite. Whereas smectites compensate for their excessive charge with any
hydrated cations of the solution, which actually takes place when labile interlayer spaces are formed, the layer charge
of micas can locally be compensated for only with anti-Stokes cations (K1+, Rb1+, and Cs1+) which do not have hy-
drated shells. On the geological scale of time, the surfaces of mica particles are practically completely neutralized by
the processes of chemisorption in the case where they are in contact with the stratal water. But when technogenic
phases having a mica-like structure appear in a reservoir, the surface of these particles must preserve to a large degree
its high negative potential if the water injected into the bed is fresh and does not contain anti-Stokes cations.

Physical Model and Calculations. The experimental data obtained make it possible to construct a physical
model and to evaluate the role of each of the possible technogenic processes decreasing oil production from the pro-
ductive Devonian strata. For this purpose it is necessary first of all to determine the scale of the change in the pore
space of the reservoirs caused by the swelling of their clay component. The thermodynamics of montmorillonite clay
(or clay containing smectite-like blocks and being in contact with the electrolyte solution) is determined by the condi-
tion of equilibrium of its colloidal particles [4]:

Π (H) = Pm + Pi + Pa = 0 . (1)

The components Pm and Pi are determined in the standard manner; Pa is due to the excess of the dissolved component
in the interlayer because of the cations adsorbed by particles, and it is determined from the formula [4]

Pa = RT  ∫ 
0

C0

 




∂Γ
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dC
C

 , (2)

where

Γ = ν0
−1

  ∫ 
δ

H−δ

 [C − C0] dx (3)

is determined from the conditions of chemical equilibrium of the cations and anions of the porous and free solutions
with concentration C0:
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With allowance for the condition of electroneutrality of the system particle–pore solution we have
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On substitution of the expression for Pa calculated from formulas (2)–(6) and Pm and Pi from [4] into (1), we obtain
an equation consistent with the data of [5]:

H
D

 = 
1
√C0

 . (7)

To relate the total porosity m, the transport porosity mp, and the porosity of the clay component mc we use
the obvious relation

m = mc + mp ,   m = const . (8)

The calculations carried out by the formulas obtained have shown that the porosity decreases only slightly (by less
than 1%) due to the swelling of the additionally appearing smectite component of the bed D0–D1 (Romashkino de-
posit, Tatarstan). Such values cannot explain the significant changes in the character of filtration in the bed. The swel-
ling of the clay cement can represent a serious problem for some deposits in Western Siberia, for example, the
productive bed A1

1+2 of the Nizhnevartovsk vault (Western Siberia): the total clayiness is 25% and the concentration of
the illite-smectite phases in it is 30% in the case where the content of the smectite components is 60–80%. The cal-
culations give a value of ∆m = 7–9%, which is fairly close to the characteristic values of 8–15% obtained from the
analysis of the field data [6]. The results of the calculations are presented in Fig. 1.

Quite a different mechanism acts, in our view, in the above-discussed situation. The fundamental particles of
1M mica are carried by a flow until each of them is fixed at a certain point of the porous space because of its geo-
metric inhomogeneity. A part of them, as we already know, reaches the operating wells. Nonetheless, in a certain vol-
ume of the reservoir, there is formed an additional surface of the solid phase with a high negative potential having no

Fig. 1. Change in the relative porosity ∆m of an oil reservoir due to the de-
crease in the mineralization of stratal water in the process of injection: 1) for
an 8% content of smectite in the rock (right vertical scale), 2) for an 0.8%
content, and 3) for 0.5% content of smectite in the rock (left vertical scale).
The dashed line denotes the actual decrease in the porosity according to the
data of [6]. ∆m, %.
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time to be compensated for with the processes of adsorption in desalinated stratal water. In the process of filtration in
such a porous medium there arises a flow potential which causes an electroosmotic counterflow retarding the filtration.
The filtration rate corrected for the electroosmosis is described by the equation [7]

V = − 
k∇ P

η
 






1 − 

ε0
2ψ2

2π2ηK0ν0rc
2
m







 , (9)

where

σ = 
ε0χψ

4π
 ,   

1

χ
 = √ε0RT

8πz
2
F

2
C0

 .

To a first approximation, the specific conductivity K0 and the concentration of the solution C0 may be thought
of as functionally related to each other in terms of the equivalent electrical conductivity Λ0 according to the Arrhenius
formula

K0 = αΛ0C0 . (10)

Then Eq. (9) takes the form

V = 
k∇ P
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 ,
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RTσ2ε0

F
2
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2
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 ,

and the relative decrease in the permeability can be calculated versus the degree of desalination of the stratal water
C0

 ⁄ Cmax, where Cmax is the critical concentration for which (at the given parameters) the filtration is completely ter-
minated. It is evident that the condition for this is the equality a ⁄ C0

2 = 1.
More conservative estimates [7] point to the fact that the filtration decreases by at least 50% in this case. To

evaluate the effect we use values of the parameters which are reasonable for the Devonian sandstones: volume clay-
iness 5%, content of the mica component of polytype 1M, two-thirds of which turned out to be mobilized by the flow
in the form of plates of size 5 × 200 nm and be blocked in the porous medium of the reservoir, in the argillaceous
fraction (including the mixed-layer phases) 30%, porosity of the rock 20%, and specific surface 105 m−1 . The initial
salinity of the stratal water was taken to be corresponding to a specific conductivity of 7 Ω−1⋅m−1. The true values of
the surface charge of mica are unknown to us and it is doubtful whether they can correctly be determined in experi-
ments under the real conditions of a flooded oil bed. Therefore, in the calculations we used boundary values of 0.05
and 0.02 C/m2, the first of which approximately corresponds to the theoretical value of the charge of a mica layer and
the second of which is somewhat lower than half of it. The second value is apparently more real, since the dispersion
of the mica blocks must occur first of all in smectite-type interlayer spaces carrying a half-charge. We cannot com-
pletely exclude a partial compensation for the surface charge with the dipole moments of the H2O molecules and with
the hydrated cations. To evaluate the reality of the adopted value of σ we calculated the value of the surface potential
necessary to completely terminate the filtration at the same prescribed parameters, using equalities (9) and (10). As has
been noted, this takes place when the density of the diluted stratal water reaches a value of 1.09 g/cm3. The calcula-
tions give a value of σ = 0.04 C/m2, which falls within the range under study. It is apparent that the same effect can
also be obtained for a value of 0.02 C/m2 if the total clayiness is increased to 10% or the content of the dispersed
mica is doubled. Both are entirely possible for producing levels that practically have ceased to participate in oil pro-
duction.
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We have developed an algorithm and a program for calculation of an unsteady two-dimensional, two-phase
filtration with allowance for the secondary hydrodynamic inhomogeneity appearing in an oil bed. The algorithm is
based on the following assumptions:

1. The dispersion of free mica particles is limited by the equilibrium concentration of the mica particles ce for
which the solution in the bed will be "saturated" (equilibrium at a given mineralization of the solution) and will not
occur from this point on. This process becomes physically equivalent to dissolution. The value of ce is calculated in
terms of the quantity H for a known concentration of the solution from formula (7). The rate of dispersion is assumed
to be infinitely high (except for special cases), so that the solution will be "saturated" instantaneously. This assumption
has been introduced since the real values of the controlling kinetic constants for the process of dispersion of argil-
laceous mica particles are unknown. There are reliable data on only the equilibrium concentrations of the suspension
formed and on the dependences of these concentrations on the mineralization of the aqueous-phase solution. This cir-
cumstance was taken into account in developing the algorithm.

2. The impurity in the bed becomes active and creates a so-called anisotropic factor of resistance to the flow
due to the reverse electroosmotic flow. In this case, the resistance is high in the direction of bedding and is practically
absent in the transverse direction.

3. The related and limiting water saturations are independent of the suspension concentration.
4. The concentration of the suspension is not so high as to take into account the change in the volume of

water as a result of the dispersion and release of mica particles.
5. The process of dispersion does not lead to a marked change in the absolute permeability and porosity of

the skeleton.
We give the differential equations describing the process of two-phase, three-component filtration:

L (V) = div (V) = 0 ,   V = − ω∇ P ,   L (fV) = − m 
∂s
∂t

 ,   L (cfV) = − m 
∂sc

∂t
 + b . (11)

For b we have
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0
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b = 0 ,   
∂s

∂t
 ≤ 0 ,

(12)

where t0 is the instant at which water reaches the point under consideration, t
_
 is the instant at which the limiting con-

centration ce is attained at the point under consideration, i.e., the instant at which c(t
_
) = ce and c(t

__
 − ε0) ≤ ce, and t

_
0 is

the instant at which the trailing edge of the impurity begins to pass through the given point; it is determined from the
conditions

c (t
_
 0) ≤ ce ,   c (t

_
 − ε0) = ce . (13)

The quantity q takes into account the fraction of dispersed particles in the composition of the solid phase. The constants
characterizing the process in this algorithm are µ, q, and ce. The obtained nonlinear system of integrodifferential equations
can be solved by numerical methods. We note the important points of numerical solution. First and foremost, let us
note the characteristic features of the sought function c, which influence the numerical method of determination of c.
The field of c is formed due to the right-hand side of the dispersion equation, i.e., the initial concentration of the impurity
is equal to zero and the injection of water occurs without an impurity. This determines the special properties of the
formation of the leading edge of the impurity concentration and, as a consequence, of the use of the Courant criterion
for evaluation of the permissible time step of calculation. Here the leading edge of the concentration is determined
by the water flow. Moreover, after a certain time or at a certain distance the leading edge can have a jump from zero
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to the limiting value of ce. The trailing edge can be of two types: it can move over the region that still has an "insoluble"
impurity or over the region that already does not have an insoluble impurity in the pores filled with water. At the
trailing edge, c formally does not vanish since the concentration tends to zero asymptotically (as s tends to s∗ ).

Another important feature is due to the existence of the limiting concentration ce. Not only does this complicate
the form of the function b, but it also complicates the algorithm of calculation of the concentration. At the same time,
the anisotropic factor of resistance has a significant influence on the process of filtration and the distribution of the
water saturation in the bed, but it does not lead to a marked complication of the algorithm of solution of the problem.

An "undissolved" component (dispersion product) can be in two forms: on the one hand, its amount is deter-
mined by the quantity (1 − s)q, and on the hand, part of the component does not pass into solution because of the ex-
istence of the limiting concentration of the suspension of free mica particles in the pores where there is a solution
with this concentration. Let us denote this part as a. Thus, the total amount of "undissolved" mica (i.e., mica trans-
formed and retained after the dispersion in the pores with an equilibrium value of the suspension concentration) is
equal to

Q = a + (1 − s) q . (14)

This factor also has a significant influence on the algorithm of calculation of c.
System (11) is completely approximated by a conservative difference scheme. In this case, the equation of the

total flow is implicit relative to the pressure and the values of the water saturation and the suspension concentration
are taken to be equal to those for the previous layer. The water saturation in the balance equation of conservation of
water is determined by an explicit scheme. In this equation, the function f(s) at seminodes is determined with allow-
ance for the direction of the flow by a scheme that is based on the fractional-linear approximation and allows for the
anisotropy of the resistance factor. The suspension concentration in the equation of conservation of the impurity con-
tent is determined by an explicit scheme. In this case, the concentration in the flow terms at seminodes is determined
with allowance for the direction of the flows by the "corner" scheme. If the impurity flow through the boundary of an
elementary cell is denoted as L(cfV), the algorithm for calculating the concentration in an arbitrary cell will take the
form

r
(1)

 = s
t
c

t
 + 
τ

m
 L (cfV) ,   r(2) = r

(1)
 + a + (st+τ

 − s
t) q ,   r = 

r
(2)

s
t+τ

 .

If r ≤ ce, then ct+τ = r and at+τ = 0. If r < ce, then ct+τ = ce and at+τ = r(2) − ces
t+τ. Here st, st+τ, ct, and ct+τ are the

water saturation and the impurity concentration in the suspension at the instants of time t and t + τ respectively. It is
evident that, in this case, the content of the sorbate component of the second kind a is determined simultaneously with
the concentration. This is necessary for controlling the calculations by the balance relations. Figure 2 shows the pattern
constructed by the model proposed. It is clearly seen as water breaks through the central (flashed) zone of the bed;
this break is technogenic in character, i.e., the bed was initially homogeneous.

Fig. 2. Formation of the break of water through the central zone (layer h2) of
an oil bed due to the electroosmotic effect. The oil pillars are in the upper and
lower parts (h1 and h2) of the bed. The white color denotes water, the black
color denotes oil, and the tints of gray denote the two-phase zone. x and z, m.

1006



CONCLUSIONS

Our investigations have shown that the reasons for the decrease in the filtering capacity of mudded oil reser-
voir beds are mineralogical and not hydrodynamic in nature. It has been shown that under our conditions the swelling
of argillaceous cement plays no significant role in the decrease in permeability in the case where the hydrochemical
regime of a bed changes in the process of exploitation. It has been established that the processes of transformation of
the structure of argillaceous minerals are determining in this case. They lead to the dispersion of aggregates and the
segregation of the smectite and mica components carried by the fluid flow. In contrast to montmorillonite, which rap-
idly coagulates in the smallest pores of the reservoir in the vicinity of the injection wells, deteriorating their accelera-
tion characteristics, particles of secondary micas can move in the bed to large distances. They are mechanically fixed
on the inhomogeneities of the pore channels and can create, due to the high surface charge having no time to be com-
pensated for, a reverse electroosmotic flow retarding filtration to its complete termination. The calculations made on
the basis of the mathematical model developed give the pattern of the process observed under field conditions.

This work was carried out with support from the INTAS (project 99-1810).

NOTATION

Π(H), disjoining pressure; H, thickness of the water film between clay particles; Pm, Pi, and Pa, molecular,

electrostatic, and adsorption components of the disjoining pressure; Γ, adsorption; C, concentration of the solution be-

tween clay particles; C0, concentration of the solution in the pores; µ, chemical potential of the dissolved substance; σ,

surface density of the charge of a clay particle; D, thickness of a clay particle; m, porosity; mc, porosity of clays;

mp, transport porosity; V, rate of filtration; k, absolute permeability; P, pressure; t, time; η, fluid viscosity; ε0, permit-

tivity; ψ, surface potential of a clay particle; K0, electrical conductivity of the solution; Λ0, equivalent electrical con-

ductivity of the solution; R, universal gas constant; T, temperature; F, Faraday number; α, degree of dissociation; s,

water saturation; s∗ , residual water saturation; c, concentration of dispersed particles; ω = k




kw
∗

rµw
 + 

ko
∗

µo




, hydraulic con-

ductivity; kw
∗  and ko

∗ , relative permeabilities of water and oil respectively; µw and µo, viscosities of water and oil re-

spectively; r = 1 + µ
__

[1 − δ(x − x′)]c, resistance factor; µ
__

, constant (large number); δ(x − x′), function equal to unity for

x = x′ and to zero in all the other cases; x, horizontal coordinate; f = 
kkw
∗

rµwω
, fraction of water in the flow; ce, equi-

librium concentration of dispersed particles in the pores; τ, time step; ν0, partial molar volume of water. Subscripts: a,

adsorbed; c, clay; e, equilibrium; i, ionic; m, molecular; o, oil; w, water; 0, initial value; p, transport; 1, belonging to
cations; 2, belonging to anions; overscribed bar, belonging to the threshold solution; (1) and (2), belonging to the com-
putational grid for numerical solution of the problem.
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