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Abstract: This study is focused on a solution for the problem of suspension penetration in a porous
formation. Such a solution forms the basis of injection profile diversion technology for oil reservoir
sweep improvement. A conventional model of deep-bed suspension flow was used to describe
the suspension injection process. The suspension slug was followed by water injection, and the
inflow injection profile before and after treatment was investigated. For the first time, the criteria that
determine the effectiveness of the inflow profile improvement process are introduced. The effect of
the suspension filtration coefficient on the particle penetration depth was studied. A specific filtration
coefficient value for the maximum penetration depth was achieved. The obtained analytical solution
was generalized on multi-reservoir strata with poor interlayer crosslinking. The efficiency of profile
conformance improvement was described by the differences in the root-mean-square deviations of
the inflow velocities in interlayers from mean values before and after the treatment. It was shown
that the complex criterion of suspension treatment efficiency should include a reduction in total
injectivity. An increase in suspension slug volume improves the injectivity profile but decreases the
total injectivity of an injector.

Keywords: mathematical model of suspension flow; porous medium; suspension stabilized by
weak polymer gel; suspension penetration depth; filtration coefficient; inflow profile conformance;
redistribution of inflow profile; methods of characteristics

1. Introduction

Secondary recovery, i.e., waterflooding, along with an increase in recovery efficiency,
leads to early water breakthrough into producing oil wells. A common reason for early
water breakthrough is the reservoir layered heterogeneity. Wells with high water cut must
be shut-in or recompleted to other reservoirs within the field. Reducing the water cut
in produced fluid extends the development of a reservoir and therefore increases the oil
recovery factor (RF).

The goal of common treatments for water control with respect to injection is confine-
ment profile improvement or redistribution of the injection profile, thus, increasing flow
rates in low permeable interlayers and decreasing flow rates in high permeable streaks, and
therefore reducing water cut in the nearest production wells [1]. Oil production increases if
the liquid production rate is maintained the same level as before the treatment.

Injection of suspension stabilized with a weak polymer gel is one such treatment
technology. Since the maximum amount of suspension inflows into the most highly
permeable interlayers, particle entrapment occurs mostly in streaks and causes diversion of
the flows among the layers [2]. By the end of the 20th century, specialists from the TATNEFT
Company had proposed suspensions of clay colloids and fine particles of chalk or wood
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flour [3], which were stabilized using polymer or weak polymer gel. Approximately the
same mixture formulation was proposed by scientists from the University of Petroleum [4],
which they named the Clay Flocculation System. In several fields, the efficiencies of
these technologies have been confirmed by injector treatments, in which various injection
volumes, particle concentrations, and sizes have been used for designing an optimal
process. The application of colloidal dispersion gel, preformed particle gel, and polymer
microspheres for the same purpose were considered in [5].

Water cut reduction with respect to production is denoted as a shut-off treatment
that uses “weaker” agents. These treatments are more complex because the production
interval includes both waterflooded and oil saturated interlayers [6]. Often, damage to the
oil saturated layers causes the treatment to be considered unsuccessful. A widely used
water shut-off technology involves injecting a solution of a partially hydrolyzed polymer of
polyacrylamide (PAA) with polyvalent metal ions such as aluminum citrate or chromium
acetate into a production well. In the near wellbore zone, these systems form practically
motionless gel, which consists of water by more than 90% [7]. By applying polymers with
different molecular weights and varying the concentrations of the crosslinker, it has been
possible to define the depth of the gel’s penetration into the near-wellbore zone [8]. In
Western Siberia, the use of agents based on sodium silicates precipitated by acid or other
agents has become widespread [9]. The advantages of this treatment technology are low
prices of reactants and easy fluid makeup and injection.

In order to apply an optimization procedure for profile treatment, a mathematical
model of the process is required, along with the necessary experimental information.
Earlier experimental studies have been performed to analyze polymer and suspension with
different particle size flows in porous samples from one of the fields in West Siberia [10].
To extract data on polymer and suspension flow parameters from the experimental studies,
the well-known mathematical models of polymer and suspension slug transport in porous
media were used [11,12]. The solutions to the direct and inverse problems were obtained;
the solution to the inverse problem provided the suspension flow parameters [10,13].

The theory of deep-bed suspension flow shows that the main mechanism for the
formation of a low permeability plug consists of inert particle mechanical entrapment in
porous media. Mobilization of deposited particles can occur due to an increase in the flow
rate [14]. At a certain stage of accumulation of precipitated particles on the inner surface of
a well or a fracture through which the dispersed system is injected, a cake begins to form,
preventing the penetration of particles deep into the reservoir [15]. Polymer flow through
such a cake is not defined by the traditional Darcy’s law [16]. In this study, we present an
analysis of the mechanisms of water inflow redistribution in a productive reservoir interval
because of suspension slug injection, particle entrapment, and a reduction in the injectivity
of layers.

Today there are no clear criteria that determine the success and effectiveness of the
inflow profile improvement process. Therefore, the purpose of this study is to introduce
and analyze such criteria.

2. Materials and Methods

Compositional or multiphase, multicomponent flow models are a common tool for
simulation of fluid flow in reservoirs. These models use the standard specification of the
specific phase density in terms of saturations and component mass concentrations [17].
Heterogeneous mechanics introduce the concepts of volumetric content of phases and
mass concentration of components dissolved in a phase, as well as a pseudo homogeneous
mixture, in which the velocities of the carrier phase and suspended particles coincide [18].
The latter is often called advective flow. As a result, under the condition of the incom-
pressibility of particles, fluid, and rock matrix, the laws of particle mass conservation are
reduced to the following equations:

Ao L (Ua)=—], L =], (1)
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where @ is porosity, « is volumetric particle content moving with the flow, ¢ is volumetric
particle content trapped in the unit volume of porous media, U is fluid rate, | is particle
entrapment rate, and ¢ is time. Note that non-experimental data in the literature confirm
the statement that particles move in porous media with the velocity of water flow and that
suspension flow can be simulated as advective transport.

The particle entrapment rate is proportional to the particle flow | = AUx, where the
empirical parameter A is called the filtration coefficient [14]. This coefficient depends on
the ratio of averaged particle size to mean pore radius. The empirical filtration coefficient
as a function of the particle size ratio to the mean pore radius is usually represented in
the form of the power law A = Aq (r,/D)", where r, is the average particle radius and
D is the mean pore radius, Ay and n are empirical parameters. A traditional opinion on
particle flow is that penetration is available when the particle size is less than that of the
pore throats. The latest suspension application for profile conformance improvement is the
manufacturing and application of so-called flexible profile control agents [19]. The use of
special granulators enables production of gel particles with a controlled size. The results of
the application of preformed particle gel, which becomes flexible, deformable, and swollen
in water solution, have shown that such particles can penetrate into porous media even
when the particle size prevails over pore throats [20]. Artificial manufactured gel particles
are preferable over natural types of particles (clay, chalk, etc.), because, for example, chalk
has poorly controlled particle size and depends on source minerals.

The fluid rate is determined by the Darcy’s law. A decrease in the permeability of the
porous medium due to particle deposition has been described by different approaches [21].
The pore volume reduction due to particle entrapment could be associated with perme-
ability decrease [22]. Even preferential plugging of narrow pores with rebuilding of pore
size distribution after treatment can be taken into account in permeability change [23]. In
the simplest approach, this factor is an empirical parameter interpreted from experimental
data [10].

The second empirical parameter that characterizes reservoir plugging is the formation
damage factor 8, which appears in a modified Darcy’s law:

u gradP, (2)

B —k

p(1+po)
where k is absolute permeability coefficient, y is effective suspension viscosity, P is in situ
pressure, and f3 is damage factor.

Low polymer concentrations do not visibly influence suspension viscosity and the
suspension effective viscosity is proportional to particle concentration [18], but, in practice,
this concentration is too small to influence a suspension mixture. Note that in the analyzed
process, the polymer component, on the one hand, plays the role of “glue” that fixes
the trapped particles in the rock matrix, and on the other hand, stabilizes particles in
the suspension state. As a result, there is no term in the particle entrapment rate that is
responsible for the entrapped particle mobilization and their entrainment back into the
flow [24]. In order to simplify the problem, we assumed that the polymer was present in
the entire flow with a constant initial concentration. Neglecting the volume of trapped
particles in relation to the pore volume, the general equations of deep-bed suspension flow
are as follows:

W L UV-(a) =0, 3)
Jdor
& = AUa, 4)

in addition to Equation (2).

This is the simplest form of a deep-bed suspension flow model [11,12]. There are
two empirical parameters in the equations that describe the deposition of particles and
the decrease in permeability, i.e., A and f, respectively; the § factor is determined by the
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geometry of the pore space and trapped particles, the filtration coefficient A is determined
by the ratio of the average particle radius to the mean pore radius.

First, consider the problem of suspension injection into a vertical well penetrating a
reservoir with a net thickness H, with a hydraulic fracture or a fracture formed by intensive
injection and an excess of fracturing pressure with a length [ and a height equal to the
reservoir thickness. The reservoir consists of N layers with net thickness /;, porosity ©@;
and permeability k;, where i is the layer number. A relatively small volume (slug) of a
suspension mixture is injected into the reservoir through a well. A diagram of the well
treatment process is shown in Figure 1. The flow in the near wellbore zone is considered to
be linear and perpendicular to the fracture plane, and it is assumed that the near wellbore
zone itself is waterflooded to residual oil saturation. During the injection of a relatively
small slug (small time interval) into a reservoir with layered heterogeneity, the horizontal
flow prevails on vertical leakage and the flow can be assumed as horizontal [25]. The
permeability tensor usually has two independent components but, if only horizontal flow
is considered, the only corresponding permeability component is taken into account.

Particle penetration zone

Fracture
Undamaged resenvoir
[
[ ]
[ ]
[ ]
[ ]
[ ]
-
H .
L]
L ]
£
[ ]
- ki, h;
L]
¥ . >
X

Figure 1. Schematic view of a suspension injection process in the layered strata through a fracture.

Due to the fact that the injection volumes of the polymer-dispersed system are rela-
tively small, vertical crossflows between interlayers can be neglected [12] and considered
isolated from each other.

Because the injection volume of the suspension system is relatively small, vertical
crossflows between interlayers may be neglected [25] and layers are considered to be
isolated from each other. The fracture is assumed ideal, that is, the proppant resistance
in the fracture may be neglected. A small injection volume is also the reason to consider
the fluid outflow from the fracture to be one-dimensional flat geometry. Equations (2)-(4)
under the adopted assumptions and formulated for the i-th layer are as follows:

9(Da;) o . do; . =k oP

T of + uzﬁ - _/\uz‘xz/ o )\uzaz/ uz - P‘(1+.é‘7i) ox’ (5)
where «; is volumetric particle content moving with the flow in the i-th layer, U; is the fluid
rate in the i-th layer, x is the linear coordinate perpendicular to the fracture inner surface,
and o; is the volumetric particle content trapped in unit volume of porous media in the
i-th layer.
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Total suspension injection rate at the beginning of the treatment is defined as follows:
Q=2) InU;. (6)
i

With a constant pressure drop between the reservoir (conditional point at the distance
L from the fracture) and the fracture, the relationship between the total flow rate and the
flow in the i-th layer during the injection time has the form:

kih;
Ihil; = Q5= %
2y i kjh;

where j is the interlayer number.

Substituting this relationship into Equation set (5) and introducing dimensionless
variables, one can obtain the following:

i i [ — i a(f' f— . .
T tEox = 7 % or = AV, (8)

where dimensionless variables have the form:

x Qt kiH
L’ g 2LHl'A AL Vi Y kih; ©)
Total volumetric rate is defined by the formula:
=21y i kih;
Q= Yjkihi AP (10)

p L’

where AP is the pressure drop.

Consider the injection of suspension slug into such a layered stratum for a time £
with a constant flow rate. The injected slug volume has the value Qt; in this case and
dimensionless volume is defined by formula:

Qi

To=ormr ()

The boundary and initial conditions for the formulated objective are as follows:
X=0,To>T>0:Q=0Qo, a; = ap; (12)
X=0T>Tp:Q=0Qq, a; =0; (13)
T=00<X<1l:a;=0,0;=0; (14)

where ny is the initial particle content in the injected flow, Qg is the suspension injection
rate, and Q) is the water injection rate after well treatment.

The solution of the formulated objective can be obtained, for example, by the method
of characteristics [11,14]. The volumetric content of suspended and trapped particles in the
rock matrix are determined by the following expressions:

T—-Ty)V; TV;
a = apexp(—AX), (79)1 <X< Q‘l, (15)
1 1
;X TV;
0; = AViapexp(—AX) <T — "/), 0< X< —. (16)
1 1

The steady-state distribution of trapped particles in the near wellbore zone after the
treatment and water injection is determined by the following expression:

0; = AViagexp(—AX) Ty, X > 0. (17)
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The distributions of suspended and deposited particles for one interlayer are shown
in Figure 2. The first two times, T and T, in Figure 2a, correspond to the injection of the
suspension slug; the last time moment, in Figure 2b, corresponds to water injection but just
before steady-state distribution of trapped particles.

ad AQ

g T2 K
0 .

0 —_— » , >
TVil©; TV, X o (T-Tovi@; TViO;, X
T, |
T i |
T,ViD, T,Vi0, % X
(a) (b)

Figure 2. Distribution of suspended and trapped particles in three time moments: (a) During suspension injection for
dimensionless time moments T and T5; (b) during suspension slug displacement by water.

The main purpose of well suspension treatment is redistribution of the flow profile
between interlayers with high and low permeability, i.e., profile conformance improvement
and water control. The result of treatment is water cut reduction in the nearest producers.
The total injection rates before and after the treatment Qg and Q;, as well as the inflow
velocities in the interlayers U;y and Ujp, are determined through the pressure drops, APy
and AP, before and after the treatment:

Qo = 215}"/’%%, Ql:—TZIZ : kihj APy

= JT(+podx L (18)
. — —ki ARy - —k; APy
uzO w L Ui ,‘I/lﬁ)l(l+‘50'i)dx L * (19)

Here, the integral that determines the additional hydraulic resistance in the zone of
trapped particles for i-th interlayer is defined by the formula:

i = /01(1 + Boi)dX =1+ BViagTo(1 — exp(—A)). (20)

In this way the model of deep bed suspension flow was developed for the purpose of
profile conformance improvement calculations. The basic model has undergone extensive
validation, the results of which can be found in previous research (for example, [26]).

3. Results and Discussion
3.1. Suspension Penetration into a Homogeneous Layer

Before proceeding to the analysis of the flow redistribution mechanism in the near
wellbore zone, let us consider the problem of suspension penetration into a homogeneous
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layer with the following properties: initial particle concentration «y = 0.02, near wellbore
size L =40 m, permeability k = 5 x 107> m?, net thickness H = 10 m, porosity @ = 0.2, and
fracture length / = 80 m. The dimensionless slug volume is 0.02, which corresponds to the
dimensional volume of the slug of 1280 m?>.

The objective is to determine the particle penetration depth. The penetration depth ina
dimensionless form, as follows from the distribution for the trapped particles concentration
(17), does not depend on the size of the near wellbore zone and the length of the fracture.
Since the analytical solution to the distribution of the precipitated suspension has a close
to exponential nature, the region of ultra-low values of the trapped particle content in the
rock matrix does not play a significant role in the hydraulic resistance. Therefore, it is
sufficient to restrict the analyzed region by the value X < X, where the content of trapped
particles prevails over the injected concentration by more than e &, times. In this case, the
penetration depth versus the filtration coefficient for the homogeneous layer is defined by
the following formula:

1
X = Xln(AToe). (21)

This function has the maximum value for the penetration depth when the dimension-
less filtration coefficient is equal to A = 1/Ty, and this maximum depth can be explained
as follows: at low filtration coefficient values, the size of the suspension particles is too
small, and they completely pass through the layer without being significant entrapped in
the rock matrix and no lower-permeability zone is formed. With a high filtration coefficient
value, the size of the suspension particles is too large in comparison with the pore sizes,
and these particles cannot effectively penetrate the layer to a substantial depth. The super-
position of these two factors gives a maximum X, as a function of dimensionless filtration
coefficient A.

The practical conclusion from this effect is that for a layer with a certain permeability
there is a suspension with an optimal filtration coefficient value or average particle size
(note that the filtration coefficient is defined by the ratio of average particle size to mean
pore radius) and the treatment of this layer by such a suspension will give the maximum
efficiency. Thus, the suspension must be selected according to particle size must be carried
out considering the pore size of the target layer (the layer through which the injected water
breaks into the production wells).

For the model reservoir, the optimal value of the filtration coefficient is A = 50 and the
corresponding dimensional value is A = 1.25 m™!, Figure 3. With such values, the maximum
penetration depth of the particles is X = 0.02 or, for the dimensional value, it is 0.8 m.

3.2. Inflow Redistribution after Layered Strata Treatment

The uneven distribution of flows in a layered reservoir can be characterized by disper-
sion or standard deviation of the injection velocities in the interlayers from the mean value
for the whole production thickness. The injection rate indicates the flow, but profile confor-
mance improvement definitely means the equalization of the velocities in the interlayers.
According to the definitions, these functions are equal:

Uos =y LU, So= \/Ilf (Ui — Una)?, (22)
i i

where Uy, is mean value of injection velocities for interlayers and Sy is standard deviation
of inflow before treatment.

In order that the redistribution characteristics of the flow in a reservoir are not tied
to the pressure drop and are not dependent on the dimension, let us make the standard
deviation dimensionless by the division on the average flow velocity in the reservoir:

1 Uy 2
Sod = NZ(UW 1). (23)

i
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The root-mean-square deviation after treatment will be similarly make dimensionless
by the average velocity before treatment:

1
S14 = NZ

i

ui ula ) z
- ) 24
( an UOa ( )

where Uy, is mean value of the inflow velocities in the interlayers after treatment:

1
Uy, = N ) Uj. (25)
7
0.020
0.015
S
>< 4
0.010
0.005
T T T T T T T
0 100 200 300
A

Figure 3. Penetration depth of particles X;; as a function of dimensionless filtration coefficient A for
a layer.

In this case, in the formula for flow velocities in the interlayers after treatment (19),
the pressure drop is assumed to be equal to the pressure drop before the treatment.

This root-mean-square deviation decreases with an increase in the injection volume,
which indicates an equalization of the inflow velocities in the interlayers or an increase
in the waterflooding efficiency. The difference between this deviation and the standard
deviation before the treatment should serve as a dimensionless characteristic of the injection
velocities redistribution or profile conformance improvement factor, as follows:

Rip = Soa — S14- (26)

For instance, let us consider a reservoir with five isolated layers with the param-
eters given in Table 1. The suspension flow characteristics have the following values:
A =10 x 1/m and B = 400. The geometrical parameters of fracture and the near wellbore
zone are as follows: | =79 m and L = 40 m. The suspension parameters have the values:
xp =0.02and y =8 x 1073 Pa-s. The trapped particle distribution can be calculated using
Equation (17), and the additional matrix resistivity, through (20). These calculations pro-
vide all information for the redistribution or the conformance improvement factor (26). The
schematic algorithm of calculation is shown in Figure 4.



Mathematics 2021, 9, 1727 9 of 14

Table 1. Parameters of the model reservoir layers.

Layer Number k; h; D;
1 1213 x 10715 m?2 1.30 m 0.236
2 371 x 10715 m? 1.40 m 0.209
3 52 x 10715 m? 470 m 0.189
4 106 x 1071 m? 1.60 m 0.201
5 135 x 1071 m? 130 m 0.196

Input data: permeability k;, porosity @, thickness Ji; of the i-th
layer, i=1,2,...,N, dimensionless injected slug volume T,
damage factor f, filtration coefficient A, length of a fracture I,
length of near wellbore zone L, volumetric particle content
moving with fhox in the i-th laver a;, number of lavers N,

viscosity of suspension u

:

Calculation of the dimensionless inflow wvelocities in the i-th

interlaver before the treatment Lp/Upg,, i=1,2,...IN

:

Calculation of the dimensionless standard deviation of inflow

before the treatment 5g;

.

Calculation of the dimensionless inflow welocities in the i-th
interlayer after the treatment U/l i=1,2,...N

:

Calculation of the dimensionless standard deviation of inflow
after the treatment 5.

:

Output data: profile conformance improvement factor Ky

Figure 4. The schematic algorithm of calculation of conformance improvement factor.

The calculation results are presented in Figure 5. With an increase in the injection
volume, this factor increases from zero to a certain value determined by the initial spread
of permeability. The calculations show that this factor is more sensitive to determina-
tion of interlayer heterogeneity and redistribution of the inflow than the Dykstra—Parson
coefficient [27].

Another important characteristic of the process is a reduction in the total injectivity of
the reservoir. This parameter characterizes the negative effect of the treatment. In order to
maintain the injection rate, the wellhead pressure should be raised. Significant pressure
growth requires changes in the operational conditions of a surface facility. The ratio of the
total injectivity after treatment to the initial injectivity is determined by the formula

kih;
Ko = M — Li 8i
10 — WO - Z]k]h]r

(27)
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where Wy and W are injection indexes before and after treatment.

Synthetic reservoir runs show that an increase in the injection volume causes a decrease
in the introduced injectivity ratio parameter from a value of one to zero, Figure 6. For
example, an injectivity ratio drop down to 70% of the initial value corresponds to an
injection of Ty = 0.02 of near wellbore volume or 1302 m?.

0.8

0.6 1

0.2

0.0

T T T T T 1
0.00 0.02 0.04 0.06
TO

Figure 5. Calculation data on flow profile redistribution Ry from the dimensionless suspension
injected volume Ty.

0.6 H

04 :

Figure 6. Variation of the total injectivity after the treatment divided by the initial value K;y with the
suspension injected volume TY.

The heterogeneity of the formation can be characterized by two parameters: standard
deviation of inflow 5y and average permeability k, before treatment. A sensitivity analysis
of the profile conformance improvement factor on these parameters was carried out to
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assess the impact of the reservoir heterogeneity. The input parameters were the same as in
previous runs, but interlayer permeability was changed in order to set an average perme-
ability 250 x 1071 m? and a standard deviation of inflow before treatment 6 x 107 m/s.
The dimensionless volume of the injected suspension slug was defined as 0.05. Such a
synthetic objective is selected as a basic variant. The profile conformance improvement
factor Ry for the basic variant is equal to 0.662.

The average permeability of the synthetic reservoir was varied in the interval from
100 x 107" m? to 400 x 107! m? and the standard deviation of flow before treatment was
changed from 3.5 x 10° m/s to 8.5 x 10 m/s. The variation of one factor with fixed
value of another was provided by interlayers’ permeability variation. The relative change
in the profile conformance improvement factor ARy was introduced in order to compare
the influence of various factors. This parameter is determined by the formula

ARy = Bio = Koo, (28)
R10a
where Ry, is an average profile conformance improvement factor for the boundary values
of varied factors.

The results of the sensitivity analysis of the profile conformance improvement factor
from the heterogeneity of the reservoir are shown in Figure 7. The increase in the factor
values is determined by blue color, and decrease by dark red. Notably, for the basic variant
the relative value of the average profile conformance improvement factor equals zero.
Negative values mean preferential conditions for conformance improvement and positive
magnitudes, on the contrary, mean worse conditions.

-0.5 0 0.5 1 1.5

Figure 7. Sensitivity analysis of the profile conformance improvement factor from the heterogeneity
of the reservoir.

4. Conclusions

1. A deep-bed suspension migration model was used to solve the problem of well
treatment for profile conformance improvement and water control.

2. An analytical solution to the stated problem was obtained. The distributions of
suspended and trapped particles were analyzed.

3. It was established that the particle penetration depth versus the suspension filtration
coefficient function had a pronounced maximum. This means that, for a layer with
certain permeability, there is a suspension with an optimal filtration coefficient or
average particle size and the treatment of this layer by such a suspension gives the
maximum efficiency.
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4. The dimensionless characteristic of the injection rate redistribution or profile con-
formance improvement factor, which characterizes the performance of suspension
injector treatment, was introduced. This factor has increased from zero to a cer-
tain value determined by the initial distribution of permeability with an increase in
suspension injection volume.

5. The negative factor of well suspension treatment was analyzed. Synthetic reser-
voir runs showed that an increase in the injection volume causes a decrease in the
introduced injectivity ratio parameter value from one to zero.

6.  Sensitivity analysis of the reservoir heterogeneity influence on the conditions of
effective conformance improvement treatment gave unexpected results. It was shown
that such a treatment is preferential in low permeable reservoirs.
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Nomenclature

k Absolute permeability coefficient (Unit: m?)

ki Absolute permeability coefficient of the i-th interlayer (Unit: m?)
Tp Average particle radius (Unit: m)

kq Average permeability before treatment (Unit: m?)

Rip;  Average profile conformance improvement factor for the boundary values of varied factors
(Unit: dimensionless)

B Damage factor (Unit: dimensionless)

X Dimensionless coordinate (Unit: dimensionless)

A Dimensionless filtration coefficient (Unit: dimensionless)

Vi Dimensionless injection index of i-th layer (Unit: dimensionless)

X Dimensionless penetration depth (Unit: dimensionless)

S14 Dimensionless standard deviation of inflow after the treatment (Unit: dimensionless)
Sod Dimensionless standard deviation of inflow before the treatment (Unit: dimensionless)
T Dimensionless time (Unit: dimensionless)

Ty Dimensionless volume of suspension slug (Unit: dimensionless)

H Effective suspension viscosity (Unit: Pa-s)

n Empirical dimensionless parameter (Unit: dimensionless)

Ao Empirical parameter with the dimension of the filtration coefficient (Unit: m™)

A Filtration coefficient (Unit: m™)

T First dimensionless time moment (Unit: dimensionless)

u Fluid rate (Unit: m/s)

u; Fluid rate in the i-th layer (Unit: m/s)

Uy Inflow velocity in the i-th interlayer after the treatment (Unit: m/s)
Uy Inflow velocity in the i-th interlayer before the treatment (Unit: m/s)
wg Initial particle content in the injection flow (Unit: dimensionless)

W1 Injection index after the treatment (Unit: m3/(Pa-s))

Wo Injection index before the treatment (Unit: m3/(Pa-s))

Qo Injection rate during suspension inflow (Unit: m3/s)
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P In-situ pressure (Unit: Pa)

Si Integral that determines the additional hydraulic resistance in the zone of trapped
particles for i-th interlayer (Unit: dimensionless)

i Interlayer number (Unit: dimensionless)

j Interlayer number (Unit: dimensionless)

) Length of a fracture (Unit: m)

L Length of a near wellbore zone (Unit: m)

x Linear coordinate perpendicular to the fracture inner surface (Unit: m)

D Mean pore radius (Unit: m)

Uo, Mean value of injection velocities for interlayers before treatment (Unit: m/s)

U1, Mean value of the inflow velocities in the interlayers after treatment (Unit: m/s)

h; Net thickness of the i-th interlayer (Unit: m)

H Net thickness of the reservoir (Unit: m)

N Number of layers (Unit: dimensionless)

] Particle entrapment rate (Unit: s

) Porosity (Unit: dimensionless)

Q; Porosity of the i-th interlayer (Unit: dimensionless)

AP Pressure drop (Unit: Pa)

APq Pressure drop after the treatment (Unit: Pa)

APy Pressure drop before the treatment (Unit: Pa)

Ry Profile conformance improvement factor (Unit: dimensionless)

Ky Ratio of the total injectivity after treatment to the initial injectivity (Unit: dimensionless)
ARjp Relative change in the profile conformance improvement factor (Unit: dimensionless)
Ty Second dimensionless time moment (Unit: dimensionless)

So Standard deviation of inflow before the treatment (Unit: m/s)

t Time (Unit: s)

to Time of the injection of suspension slug (Unit: s)

Q Total suspension injection rate (Unit: m3/s)

o Volumetric particle content moving with the flow (Unit: dimensionless)

«; Volumetric particle content moving with the flow in the i-th layer (Unit: dimensionless)
o Volumetric particle content trapped in the unit volume of porous media
(Unit: dimensionless)
Iof Volumetric particle content trapped in the unit volume of porous media in the i-th layer
(Unit: dimensionless)
Q1 Water injection rate after well treatment (Unit: m3/s)
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