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Abstract

The paper considers the problem of modeling the acid impact on the bottomhole zone of oil
fields with carbonate fractured-porous reservoirs. The process is modeled within the framework of
the mechanics of multicomponent multiphase filtration using averaged values of filtration-
capacitance parameters taking into account chemical kinetics.

Based on the proposed mathematical model in a flat-radial setting, the advancement of acid
and changes in the filtration characteristics of the bottomhole zone of the formation during the
injection of the reagent are studied. The influence of acid solution injection modes on the processes
occurring in the near-wellbore zone of the formation is assessed. Numerical calculations were
performed and the process characteristics were determined.
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1. Introduction

Acid treatment of the bottomhole formation zone (BZZ) is the most common method of
intensifying oil production. In the process of developing oil fields in the reservoir zone, reservoir
properties deteriorate significantly due to contamination with heavy oil components and suspended
particles coming from the formation into the reservoir zone, which leads to a decrease in well
productivity.

The reservoir properties of the reservoir zone can also decrease due to irreversible

deformations of the rock that occur when the reservoir pressure decreases, i.e. increasing effective
pressure as the reservoir is exploited.
World experience in using acid treatment shows that the effectiveness of the method remains low,
ranging from 30 to 40%. This situation is explained by the fact that the process of acid exposure is
determined by a large number of factors, the mechanism and degree of influence of which are not
fully understood.

Such a variety of influencing factors complicates the assessment of the effectiveness of the
acid treatment process, and the optimal selection of geological, physical and technical and
technological parameters plays an important role for the success of the activities. The above shows
the relevance of conducting research into the process of acid exposure, taking into account the main
influencing factors.

Of considerable interest is the study, including mathematical modeling, of filtration processes in
media with the presence of cracks - narrow, extended channels of high conductivity.

Developed fracturing, both natural and technogenic, is inherent in many types of reservoirs
[1]. Despite the fact that fractures occupy a small relative volume, due to their high conductivity their
influence on hydrocarbon production can be decisive [2, 3]. Fractured fields contain more than 20%

ISSN 2277-3630 (online), Published by International journal of Social Sciences &
Interdisciplinary Research., under Volume: 13 Issue: 02 in February-2024
2 6 https://www.gejournal.net/index.php/IJSSIR

Copyright (c) 2024 Author (s). This is an open-access article distributed under the terms of
Creative Commons Attribution License (CC BY). To view a copy of this license,
visit https://creativecommons.org/licenses/by/4.0/




|JSSIR, VVol. 13, No. 02. February 2024

of the world's oil and gas reserves [4], however, the development of such fields is associated with a
number of difficulties and is often ineffective. For example [5], the Circle Ridge field in the USA has
been developed for 50 years, while the oil recovery rate is only 15%.

A similar situation is observed in the Talinskaya area of the Krasnoleninsky field [6] - most
of the field has been drilled with thousands of wells, but less than 10% of the initial reserves have
been produced, while high waterflooding of the reservoir has been observed over the past 20 years.
Additionally, due to the high demand for hydrocarbon raw materials, fields with low porosity and
permeability, as well as, for example, carbonate reservoirs prone to fractures, are included in the
development process. In the first case, the formation of cracks occurs due to the so-called hydraulic
fracturing, which is one of the main methods for increasing oil recovery [7]

In the second case, due to the fragility of the rock, cracks can form naturally during the
development of the field [6].

The study of filtration processes in media with disturbances in the form of cracks has a
broader significance: problems of multiphase multi-component filtration in such media arise, for
example, when modeling processes in nuclear reactors, as well as in studying the spread of
contaminants during waste disposal [8].

A distinction is made between purely fractured and fractured-porous media [9]. The first of
them are blocks with cracks between them, and the blocks themselves are impenetrable and do not
exchange liquid with the cracks. In a fractured-porous medium, blocks are pieces of an ordinary
porous medium that has porosity and permeability. In both cases, the volume of cracks is negligible
compared to the total volume occupied by the solid skeleton and voids; in most cases, it is small
compared to the total volume of voids, which includes the volumes of the pore space of the pore
blocks and the cracks themselves.

Filtration in purely fractured media occurs qualitatively in the same way as in conventional
porous media [10], with some quantitative deviations: in particular, averaging in this case is carried
out not over pore sizes, but over block sizes. In the middle of the last century, works [11, 12] proposed
a model of double porosity and double permeability, in which the medium is represented as two
interconnected continua, and the system of cracks is assumed to be connected.

It should be noted that when using a binary medium model in numerical calculations, the
number of unknowns doubles, which may be critical for considering complex multiphase
multicomponent nonisothermal flows taking into account chemical reactions. In work [13], to take
into account subseismic cracks, the characteristic distance between which is quite large - about 10 m,
and the length is about 102 m, a single porosity model was built, which describes the properties of
the medium within a single continuum, while absolute and relative phase permeabilities had a scalar
character, and to describe the stage of rapid movement of water along cracks, the latter had a specific
form.

This approximation turned out to be reasonable, and the authors were able to capture in the
calculations using this model the features of waterflooding in a pilot section of one of the largest
fields in the Middle East. It should be noted that the dimensions of subseismic cracks, as well as the
fact that, as a rule [13,14,15], at the stage of calculating filtration flows, the geometry of cracks is
considered given, allows us to speak about the deterministic distribution of features in the form of
cracks in a certain environment, the effective filtration parameters of which need to be determined.

It is known from practice that in many cases the medium has anisotropy, and an example of
an object exhibiting significant anisotropic properties is precisely a fractured medium. An analysis of
the question that arises in connection with this circumstance about an expression that takes into
account anisotropy for the flow between cracks and the matrix in the dual-medium model was carried
out in [16] and is limited to theoretical calculations for the case of a pressure mechanism of exchange
between the matrix and cracks [17 ], which makes it difficult to use in the general case. The single
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porosity approach turns out to be effective in a number of problems, but requires a more correct
account of anisotropy, especially in the multiphase case [18].

Another feature of fluid filtration processes in fractured media is the presence of many
characteristic scales, both in time and space. Regarding spatial scales, in most cases the volume of
fractures is significantly less than the volume of pore space. Thus, in fractured media there is a
significant difference in spatial scale. Due to the fact that the permeability of the fracture system is
many times greater than the permeability of the pore channels, the speed of fluid movement through
the cracks is much greater than the speed of movement through the pores, which leads to different
time scales.

In [19], the approach of independent filtering in two directions is used, while additional
restrictions are imposed for symmetrization, leading to an overdetermined system. In [20], the
medium is considered as a system of layers parallel to each other, which makes it difficult to use the
method proposed in it in more complex cases. In [21], the equivalence of the two above criteria for
the method proposed in [22] was proven. In addition, it is shown that the permeability tensor obtained
using this method is symmetric and positive definite.

The disadvantage is the assumption of a certain type of boundary conditions, namely their
periodicity, which imposes a limitation on the class of permeability fields under consideration [23].

Numerous experimental data [24, 25] demonstrate the presence of certain types of symmetry
in fractured media, therefore the analysis of the filtration properties of such objects, especially in the
multiphase case, is of significant interest. It is noted in [26] that the movement of liquids and gases,
and especially multiphase substances, in a fractured-porous formation has a number of features. In a
fractured-porous formation, both rock blocks and the fractures themselves have capacitance and
conductivity.

If the rock blocks are impenetrable, then the system of cracks can be considered a kind of

filtering medium. The equation of unsteady motion of a homogeneous fluid in such a medium (in the
case, of course, of weak compressibility of the medium) will be quite similar to the equation of motion
of a homogeneous fluid in an ordinary porous medium, i.e., an equation of the type of thermal
conductivity. If cracks in a fractured-porous formation are somehow made impermeable in the
longitudinal direction, but permeable in the transverse direction, then, given that the volume of cracks
is usually small compared to the pore volume of blocks, the fractured-porous formation will turn into
almost an ordinary porous medium.
Thus, a fractured-porous medium can, in the limit, “transform” into both a medium with purely
fractured porosity and an ordinary porous medium. In the general case, this medium contains signs
of both a porous and purely fractured medium. Therefore, when mathematically describing the
movement of a homogeneous fluid in a fractured-porous medium, it is natural to imagine this medium
in the form of porous and fractured media “nested” into each other.

With steady fluid movement in a fractured-porous medium, this medium will behave as a
medium whose conductivity is equal to the sum of the conductivities of the porous and fractured
media. If the fluid movement in a fractured-porous medium is unsteady, the phenomenon of fluid
exchange between the system of blocks and the system of cracks will come into play.

In [25,26], it is assumed that when water is injected into a fractured-porous formation, it
displaces oil from the fractures, and oil flows from the rock blocks into the fractures due to capillary
impregnation.

Works [27,28] are devoted to mathematical modeling of the processes of filtration of liquids
and gases in a porous medium under acidic influence.

This paper presents a mathematical model of acid impact on the reservoir zone of oil fields with
carbonate fractured-porous reservoirs. Unlike [25,26], oil displacement occurs from cracks and
porous blocks. Unlike [27,28], a fractured-porous reservoir is considered.
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1. Construction of a mathematical model.

We believe that the filtration process in an oil-water-saturated fractured-porous porous medium
involves the aqueous phase, consisting of acid, salt, gas and actual water components, and the oil
phase. The rock (the skeleton of a fractured-porous medium) is separated into a separate phase that
does not take part in filtration. The gas formed as a result of the reaction of acid with carbonate does
not completely dissolve in water. The rock is only partially dissolved by acid. Capillary forces are
not taken into account.

A mathematical model of acid treatment of the near-wellbore zone of a fractured-porous oil
reservoir with a carbonate reservoir in a plane-radial formulation can be represented in the form of
equations.

- Equation for the conservation of mass of the acid component introduced into the formation:

& (m9a050 e 2 el ) =30 +

ot ror
10 i iy O Ne(i i1
+=—=| pa, DM D =(rc!Vs{)) |+ (1) (1)
IO =M_a®R{ : o _

where “a a”v "'a - mass of acid consumed per unit time per unit volume,

AE
E, =E? exp(——j

RT /. the reaction rate constant is determined by the Arrhenius relation (AE -

activation energy, R - gas constant), M, - molecular weight of acid

m® - porosity P, - true acid density; cg) - acid mass concentration; S\fvi) - saturation of the
pore space with an aqueous solution; D® - molecular diffusion coefficient; t — time;
a® =s® v gpecific surface area of reaction, - reaction surface area, - volume of PZP

pacgz)ﬂ(p(z) _ p‘l)) npu p@ —p®>0
) g, = Hw - mass rate of acid exchange between
pacgl)%(p(z) _ p(l)) npu p@ - p® <0
w

porous blocks and a system of cracks, - a coefficient characterizing the intensity of exchange of an

aqueous solution between systems of blocks and cracks, g, — viscosity of aqueous solution, P ®

- pressure; : 1 - cracks, 2 - porous blocks. - Equation for the conservation of mass of calcium chloride
salt dissolved in water resulting from a chemical reaction:

0 . V(2 10 , : : i1
_(m(l)psccgtlz)s\SV ))+ __(rpsccgtl:)vvsl)): 'Js((lz) + (_1)I Osc (2)
ot ror

where J =D 30 _ the mass of calcium chloride salt resulting from the reaction per unit

time per unit volume - the ratio of the molar weights of calcium chloride salt and acid participating
in the reaction; - calcium chloride salt concentration; - density of calcium chloride salt,
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pc@ Z (p® —p®) mpu p® - p® 20
Qg = aw - mass rate of exchange of calcium
pec® o (p® —p®) npu p@ - p® <0
Hy,
chloride salt between porous blocks and a system of cracks.
- Equation for the conservation of mass of magnesium chloride salt dissolved in water resulting from
a chemical reaction:

d( () (ireiy) 10 o) 16 (i
a(m(' pamCS8) )+ = (tpgn VD )= 38 + (-1, 3)
r or
where JO =98 30— mass of magnesium chloride salt resulting from the reaction per unit

time per unit volume, ysf,'g - the ratio of the molar weights of magnesium chloride salt and acid

involved in the reaction; Cég - concentration of magnesium chloride salt; - density of magnesium
chloride salt;

2) & 2 1 2 1
Pinc@ “ (p® — pD) mpu p@ — p® 20
Qgn = Hw - mass rate of exchange of magnesium
1) & 2 1 2 1
Penc@ % (p@ — p®) npu p@ — p® <0
w
chloride salt between porous blocks and a system of cracks.
- Equation for the conservation of mass of the water component formed as a result of a chemical
reaction and introduced into the formation:

O ( (i) 0()a(i)), 10 i G )0 -
2 (mp2el s )+ £ 2 (ool )= 9" + (1) gl @
ot r or

where JV%(') = y&j)\]g) - mass rate of exchange of magnesium chloride salt between porous

blocks and a system of cracks.
- Equation for the conservation of mass of the water component formed as a result of a chemical

reaction and introduced into the formation:, 7V(Vi) - the ratio of the molar weights of water and
acid involved in the reaction;
C\SV') - mass concentration of water ; p) - density of water

PVOVCV(VZ)Z—W(D(Z)— p(l)) npu p@ —p® >0

, q\?v = W - mass rate of water exchange
0.1 & 2 1 2 1
PWCV(V)—W(P()—IO()) npu p@ - p® <0
w

between porous blocks and a system of cracks.
- Equation for the conservation of the mass of carbon dioxide formed as a result of a chemical
reaction:

8 . ] . 1 a . . i i—
a(m(.)pgcg)s\gvu))JrFa(rpgcg)\/V(Vl)): IV +(-1)"q, (5)
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where c{? - concentration of carbon dioxide in water; - true density of carbon dioxide; J (=

yg)J gi) - mass of carbon dioxide formed per unit time per unit volume, yg) - the ratio of the
molar weights of carbon dioxide and acid involved in the reaction;

ngéZ)ﬂ(p(Z)_ p(l)) npu p@ —p® >0

g = w - mass rate of exchange of carbon
pgcg)%(p(z) _ p(l)) npu  p@ —p® <0
w

dioxide between porous blocks and a system of cracks.
- Equation for the conservation of mass of insoluble rock particles formed as a result of a chemical
reaction:

O (i) (e L[ v\ 1
B e SA ) BN IR CEV ®
ot ror

where  c{? - concentration of insoluble rock particles in water;p, -

true density of insoluble rock particles;
I0=yM30" _ mass of insoluble rock particles formed per unit time per unit volume, "
the ratio of the molar weights of insoluble rock particles and acid involved in the reaction;

pbct()z)“_w(p(z)_ p(l)) npu p@ —p® >0

o= m & . 2 _ n® 2) _ n® )
poe® 2 (p@ —p®) mpu p@ — p® <0
w
the mass rate of exchange of insoluble rock particles between porous blocks and a system of fractures.
- Equation of conservation of mass of the aqueous phase:

o 1 o , -
£ mOpDSE )+ 22 (rp Vi )= 3 + (-1,
ot ror

(7)

where

3O =30 43901301380 430 4 30

Pl =cR pp+cl pe +cl e+ i+ py +c o

0
Qw =0y +qa +0sc +dsm + 0y +qg-
Equation for conservation of mass of the oil phase:

£ pys(D )+ %g(rpovo‘”%(—l)i‘lqo ®)

where Séi) - saturation of the pore space with oil;
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P, — ©0il density; Q, =p,%, (p(z) - p(l)) - mass rate of gas exchange between porous

2
blocks and a system of cracks, a, = K(Z)a\(,z) | 1y - the coefficient characterizing the intensity

of oil exchange between systems of blocks and fractures is gas viscosity.
- Equation for conservation of mass of the rock skeleton:

5 ), .
S a-m®—m®)p )= 3 ©

where J0 =5yM 30 _ mass of mineral dissolved per unit time per unit volume, »{ - the
ratio of the molar weights of mineral and acid involved in the reaction;  p,, - true rock density.

Equation for changing the position of the acid front:

dr(l) 7(|)pav(|) (i) (10)
dt Pm
where Vg Oy (f:,i) - flow rate and acid concentration at the acid front.
For the rate of phase filtration, Darcy's law is used:
K(i)k(i)ap(i) 0 K(i)k(i)ap(i)

\VASD w v - 0 , (11)
" Hy or ° Ho or

where KO, k® k& — absolute and relative phase permeabilities of water and oil.

To calculate absolute permeability, the following empirical relationship is used:
"0

m®
K(l) K(l)( (')j (12)
(i)

where 7' - constants determined from experimental data;

m{?, K - initial porosity and absolute permeability.

- The equation for changing the specific surface area of the reaction is taken as:
" (1_ m® _ m(l))

(1)
a,’ =a, h=m@ —m®) (13)
where a(') méi) — initial specific surface area and porosity.
Adding obvious equalities
S +s{) =1
0 w !
e’ +cf +cl) +cf) +cf) +cl) =1, (14)
Equations of state
0 0
Pu=PuP) Po=ps(P) Pu=pu(P)
={a,sc,sm,g,b}; (15)
dependencies for viscosities
1) = (p), 1o =1,(p) (16)

and relative phase permeabilities
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(i) —(1_Sx)) s{) >S{
Ko’ =1(@-S{! :

1 s <s{)
_ (S\fvl) - S\Evle)) g 5 g
ki) =4 1-50) o, (17)
0 sy <s{)

where S{) - residual water saturation; initial conditions

p(i)(r,O): p(i)0 ,m(i)(r,O): m(i)o,S\S\,i)(r,O): S\Evi)o , Sc(,i)(r,O): Sc(,i)0 , C((Ii)(r,O): C(()!i)0 ,
a ={a,sc,sm, g,b}; (18)
border conditions

VO (0,t=v0 1), sP(0,t)=1, s (0,t)=0,
c(0,t)=c°(t), x = {0,a,5c,sm, g, b},
. _ (i)
oD (Lt)= p@°, 5‘; 0 (19)
r=L

we obtain a closed system of equations (1) — (19), describing the physical and chemical processes
occurring in the bottomhole zone of a fractured-porous gas formation during its acid treatment.

2. Computational experiment.

To study the influence of various modes of acid exposure on the bottom-hole zone of an oil
reservoir, provided that the densities and viscosities of liquids and gases are constant, computational
experiments were carried out using the following parameter values:

P, = 1190 Kr/M®, Ps. = 1396 Kkr/m®, Psm = 1396 Kkr/M®, P, = 807.2 Kkr/m®, Py = 2160 Kr/M®,
p\,?, = 1111.6 kr/™5, P = 2160 kr/m® | Py = 1.16 kr/M® , D = 108 m?/c,, n=2,0 =10, Zg =
10 m?, Xp =1 ml, Vs = 0.76098, y., = 0.65283, y,, = 0.247051, Yq =0.603523, y, =
0.252877, y,, = 1.011507, p,,= 1.768-10° Ma-c, 1, =807.2:10° Ma-c, EY=0.51-10° w/c, 4E

0 0 0 0 0
=86400, R =8314, T= 373K, a, = 0.3 %, PP =p@ =01 MiMa, ¢® =1,¢® =1, s® =

0 C C Cc C
0.8, S¥ =08, V. =0.135493-10% m/c, ¢’ =0.15, ¢!V =0.85, ¢{? =0.15 ¢? =085 L =3
m, t= 2502000 ¢, KM =0.048-1022m2, K2 =0.0048-10%22 m{ =0.03, m{? =0.3.
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Pic. 1. Distribution of permeability in the reservoir zone during continuous injection of acid: t=10
days; solid line - cracks, dotted line - pores.
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Pic. 2. Distribution of porosity in the deep-water zone during continuous injection of acid: t=10
days; solid line - cracks, dotted line - pores.
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Pic.3 Distribution of acid concentration in the reservoir zone during continuous injection: t=10
days; solid line - cracks, dotted line - pores.
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Pic. 4. Pressure distribution in the reservoir zone during continuous injection of acid: t=10 days;
solid line - cracks, dotted line - pores.
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Pic.5. The position of the acid flow front in the reservoir zone during continuous injection: solid
line - cracks, dotted line - pores.

In order to exclude early breakthrough of acid beyond the BFP, calculations were carried out with
periodic injection of acid solution, the results of which are shown in Fig. 6-9. Changing the
injection mode leads to an increase in pressure, both in porous blocks and cracks (Fig. 9). The acid
front in porous blocks does not reach the PZP limits (Fig. 10). That is, all the injected acid is used to
dissolve the rock.
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Pic. 6. Distribution of permeability in the reservoir zone during periodic injection of acid: t=10
days; solid line - cracks, dotted line - pores.
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Pic.7.
Distribution of porosity in the reservoir zone during periodic injection of acid: t=10 days; solid line
- cracks, dotted line - pores.
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pic. 8. Distribution of acid concentration in the reservoir zone during periodic injection: t=10

days; solid line - cracks, dotted line - pores.
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Pic. 9. Pressure distribution in the reservoir zone during periodic injection of acid: t=10 days;
solid line - cracks, dotted line - pores.
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Pic.10. The position of the acid flow front in the reservoir zone during periodic injection: solid
line - cracks, dotted line - pores.

In Figure 11 shows the effect of changing the acid solution injection mode on the position
of the acid flow front (Fig. 11a, 11b) and the change in absolute permeability (Fig. 11c, 11d) in porous
blocks and cracks. Analysis of the results shows that the frequency of injection has the most
significant impact on the processes occurring in porous blocks.
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Pic.11. Influence of injection mode

acid on: position of the acid flow front in cracks, a); in pores, b); distribution of permeability in
fractures, c); in pores, d); solid line - periodic, dotted line - continuous.

5. Conclusion

A two-phase mathematical model of acid action on the reservoir zone of oil fields with
carbonate fractured-porous reservoirs is presented, which is based on the model of double porosity
and double permeability. A computational experiment showed that the proposed model makes it
possible to calculate acid treatment indicators with given process parameters and study the influence
of parameters such as acid injection rate, acid concentration, and chemical reaction rate. The model
allows you to estimate the required well shutdown time for the reaction and the depth of penetration
of the acid solution into the formation.

Further development of the model is associated with determining the functional
relationship between the kinetic constants obtained in laboratory experiments and the intensity of
the reaction in a porous medium, clarifying the description of the filtration mechanism in porous
blocks and cracks, taking into account the heterogeneity of the formation.
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