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NUMERICAL SIMULATION OF CARBONATE ROCKS DISSOLUTION
NEAR THE WELLBORE

This paper examines the process of wormholes formation during hydrochloric acid treatment of
well bottom-hole zone in carbonate formations. An algorithm for solving the problem of wormhole
formation in a porous medium for a two-dimensional case was developed. Two-scale model (pore-
scale and Darcy’s scale) taking into account convection, diffusion, and chemical reaction were used
in this work in order to describe the dissolution of carbonates with hydrochloric acid (hydrochloric
acid treatment). The initial distribution of the porosity field was generated as a distribution of
random numbers around some mean value. Based on the distribution of the initial porosity field, the
initial permeability field of the rock was calculated. The random distribution was used to describe
the heterogeneity of the actual rock. The rest of the study parameters were taken from known
experiments on the dissolution of carbonate cores. The numerical model was built for solving the
system of equations for acid dissolution, and carbonate dissolution modes with hydrochloric acid
were obtained depending on the Damkohler number, Thiele modulus on the pore-scale and Darcy’s
scale as a result of this research. Also, the optimal Damkohler numbers (injection rates) were found.
The computer code for the problem of the development/growth of wormholes in a porous medium
based on the developed algorithm was built using the C++ programming language.

Key words: acid treatment, carbonate core, dissolution mode, Damkohler number, Thiele
modulus.
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¥HrbIMaHbIH TYNTIK aliMarbIHAarbl KapOOHATTHI Tay »KbIHBICTAPBIHBIH, €py MPOLECiH CaHbIK,
Mozesiaey

Byt xxymbIicTa KAapOOHATTHI 2KEP KA0ATTAPBIHIAFLI TY3 KBIKBIIBIMEH OHJIeY Ke3iH/Ie KaHAJI TeCiK-
Tepiniy naiiga Oosysl 3eprresneni. Exi emmemai karqaiira apHaJIraH KeyeKTi opTaja KaHaJ Tecik-
TepiHiH naiia 60y MOCe/IeCiH IIelnry aJropUTMI XKacajabl. Byl 2)KyMBICTa TY3 KBIIKbIJIBIMEH Kap-
GoHATTAP/BIH €PYiH cuaTTay YIIiH (TY3 KbIIIKbLILIMEH OHJIEY ) KOHBEKIUs, 1udDy3ust KoHe XUMU-
SUUIBIK, PEAKIUSHBI €CKePeTiH eKi MaciTabThl MOJEb/ KOJIAHbULIbL (Keyek mKaaacsl Men Jlapcu
mkaJsacel 6oiibiama). Keyekrisik epicinin 6acTankpl Tapasrybl Ke3IeHCOK CaHIap/IbIH OPTAIla MOH-
HiH affHAJACHIH/IA TapaJIybl PETiH/e KYPbLIIbl. BacTamkbl KeyeKTiaik opiciHiH TapaJybl Heri3inge
JKBIHBICTBI® DacTalKbl ©TKI3MIITIK epici ecenresi. Ke3eiicok 661y HaKThI KbIHBICTHIH, OipTeKTi
€MIIECTITH CUIIATTaY YIIiH KOJJIAHBLIILL. 3ePTTEYIIH KAJFaH mapaMerpjepi KapOoOHATThI KEPHIEP-
HiH epyi 6oftbraima Gesrii TexipubdesrepaeH aabHIbl. 1'y3 KBIMKBLIIBIMEH ePy IPOIECIH CUIIIATTal-
TBIH TEHJIEYJIED XKYUECIH IIelry YIITiH CaHJIbIK, MOJIEb KYPBIJJIBI 2KOHE OChI 3€PTTEY/IIH, HOTUXKECiH-
e KapOoHATTaPABIO TY3 KBIIIKbLIBIMEH epy pexxum/iepi /laMkoiiep canbina, KeyeK MacIITaObIHIa
xkeue /lapcn maciraaosiaga Tune Moysine 6aitlaHbICThI aabiH bl JlaMKoIepIiH, OHTAMIBI CaH-
Japnel (afiay KbUIIAMIBIFD) ja TabbLiabl. Kypburad ajJropuTMmre Heri3fejreH KeyeKTi opraja
KaHaJ TECIKTEPIiHIH KYpBLIYBI MEH ©Cyi MoCeseciHiH KOMIbIOTEPJK Komabl C ++ mporpaMmmanay
TUTHIH KOMeriMeH KYPbLJIJIbI.

TyiiiH ce3aep: KBINKBLIMEH OHJEY, KApOOHATTHI KEepH, epy pexkumi, Jlamkosmmrep cambl, Twuie
MOJLYJTi.
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YucsieHHOE MOJIeJIMPOBAHUE PACTBOPEHUsI KADOOHATHBIX MOPOJ, BOJIM3U CKBAXKUHBI

B pmammboit pabore wuccaemyeTcss mporiecc 00Opa30BaHUSA YEPBOTOUMH TPU  COJSTHO-KUCJIOTHOM
00paboTke NPU3abONHOI 30HBI CKBaXKMHBI B KapOOHATHBIX IJIacTaX. Dbl pa3paboTaH aJro-
PUTM DEIIeHns 3a/[a<u 00Pa30BaHUsI UYE€PBOTOYMH B IOPUCTOH Cpejie JJIsl JBYMEDHOIO CJIydasl.
Jlns onmcaHusi PAcTBOPEHUsI KapOOHATOB COJISTHONW KHCJIOTOH HCIIOJIB30BAJIACh MOJEJb JBYX
macmraboB (B macmrabe nop u B Macmrabe Jlapcu), yumrbiBamoinas KOHBEKIHIO, auddy3uio
U XUMHUYECKyIo peakiuio. HadajibHOe pacupejiesieHne IoJisi TOPUCTOCTH TEeHEPUPOBAJIOCH KaK
pacrpejiesieHie CIAyYaiHbIX |HCeJ BOKPYD HEKOTOPOTO CpejHero 3HadeHus. Ha ocHoBaHumn
pacIpejiesieHus] Ha9aJIbHOT'O [0JIsl TOPUCTOCTH OBIIIO PACCIUTAHO HAYAJIBHOE TI0JIe TIPOHUIIAEMOCTH
ropojibl. CryuaiiHoe pacupejiesieHe HCIIOIb30BAJIOCH JIJIsl OIIMCAHNS HEOHOPOHOCTU DPEAJIHHOMN
mopozel. OcrasbHble TAapaMeTpbl UCCAeIOBaHUS ObLIA B3ATHI U3 U3BECTHBIX IKCIIEPUMEHTOB
[0 PACTBOPEHMI0 KapOOHATHBIX KEPHOB. UWC/eHHasT MOJEIb ObLIa MOCTPOEHA [JIsl PEIIeHUs]
CUCTeMBbl YpDaBHEHWU DPACTBOPEHHUs, U B Pe3yJbTarTe JAHHOIO HCCIEIOBAHUsT OBbLIA TOJIyIeHbI
PEXKVMMBI PACTBOPEHUsT KapOOHATOB COJISTHON KHCJIOTON B 3aBucuMocTH OT wmcja Jlamkosepa,
moayias Twmire B macmrabe mop m B Mmacmrabe [dapcen. Takyke Obuinm HafJeHBI ONTHMAJIb-
uble yuciaa Jamkosepa (ckopoctu 3akadku). KoOMIBIOTEPHBIH KO /Il 3a/a9u Pa3BUTHUA /POCTa
9E€PBOTOYMH B OPUCTOH Cpejie ObLI ITIOCTPOEH C UCIOIb30BAHUEM sA3bIKa porpamMmmupoBanus C+4-.

KuroueBsble ciioBa: Kuc/ioTHas 00paboTKa, KapOOHATHDIN KePH, PEeXKUM pacTBopenus, ancio Jlam-
KoJIepa, MOy/Ib Tuie.

1 Introduction

Evidently that over the time, the bottom-hole zone of production and injection wells may
be damaged, as a result of the reduction in productivity /injectivity of wells. Well drilling,
perforating, cementing, fine particles migration and other industrial operations can cause
pore plugging. In this case, an acid treatment is one of the most effective and widely used
methods in stimulation techniques for the restore of permeability in carbonate reservoirs.
After the acid treatment, the improved formation permeability can increase by several orders
of magnitude, for this reason the topic of this study is actual for oil industry.

The literature review on mathematical and numerical modeling of the formation of
dissolution channels in a porous medium during the treatment with hydrochloric acid was
done in this work. The mathematical and numerical formulation of a two-scale model,
dissolution process modeling in a rectangular region and the influence of core size on
dissolution were studied as well.

Also, an algorithm for solving the system of equations for the dissolution problem of
carbonate cores in a two-scale was developed. Moreover, the computer code based on the
created solution algorithm for the 2D case was developed in order to study the modes of
carbonate cores dissolution at different injection rates (from 5x107° cm/s to 5x100 cm/s).

2 Literature review

The experimental work on the study of core dissolution process by acid in laboratory
conditions was carried out by many authors [1-8|. These works were devoted to determining
the optimal injection rate (or the optimal value of the Damkohler number), developing a
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mechanistic model of wormhole growth, studying the effect of rock and acid types on core
dissolution modes at different injection rates, and developing a 2D network model to describe
the wormholes formation. As a result of these experiments, the change in the pressure drop
until the moment of an acid breakthrough at the right end of the core was determined. In the
work [6], the Darcy-Brinkman and Stokes equations, together with the reagent concentration
equation are used to describe the rock dissolution process, and the influence of the injection
rate, temperature and the emulsion use on the dissolution modes is determined. The work [7]
is devoted to the development of a model for the wormholes growth in the case of using a self-
diverting acid together with an ordinary acid during the cylindrical core testing initially filled
with a solution. Authors formally divided the core into three potential zones: the wormholes
are formed in the first zone; the second zone is contaminated by the ingress of acid; and the
third zone is remaining untouched by acid. And also, the influence of the end effect on the
pressure drop change along the core length was studied.

There are several methods for the acidizing process modeling. The work [9] studied the
formation of wormholes in carbonate rocks. The concentration equation without a chemical
reaction was used to describe the process. The reaction rate was taken into account in the
form of a boundary condition on the walls of wormholes, and the acid transfer rate inside
the wormhole obeyed the Poiseuille’s parabolic law. Research results show that the growth
rate of wormholes and the geometry of wormholes during the breakthrough depends on the
duration of the contact of the rock with the acid and the acid injection rate.

A semi-empirical model for a quick assessment of the growth rate of wormholes during
the acidizing of carbonate rocks is described in [10]. This model includes such two empirical
parameters, as an efficiency factor and a parameter that is the inverse of the second power of
the optimal averaged fluid velocity in pores (which is experimentally determined). According
to this model, the growth rate of wormholes is proportional to the average flow rate to the
power of 2/3 for high values of the acid injection rate. This model does not take into account
the diffusion of a chemical reaction. It is possible to translate the results of rock dissolution
from laboratory conditions to industrial conditions by using this semi-empirical model.

In the work [11] the strong influence of heterogeneity of a carbonate formation on its
filtration characteristics during the acid treatment was proved. A model of acid dissolution
of the carbonate matrix was constructed, taking into account possible sedimentation. The
mathematical model includes an empirical expression for determining the rate of change in
the concentration of deposited nanosized particles and the permeability changes of a porous
medium. The model also takes into account the moving boundary of the dissolution channel,
on which the particles are deposited. The permeability increases with increasing pore size and
pore opening due to the mineral dissolution. In the presented work, macroscopic equations
can be used to simulate the acidizing process of wells at the field scale.

The results of work [12] are in a good agreement with the experimental data obtained
in the work [4]. Numerical calculations were carried out in a cylindrical region using the
Navier-Stokes equations taking into account the resistance of the porous medium instead
of the Darcy’s equation. The influence of mineral composition of the core on its solubility
was investigated by authors. It was found by numerical experiments that in the case of
a homogeneous mineral, the acid breakthrough faster than in the case of a sample with
inclusions of a less soluble mineral.

In work [13], the influence of medium heterogeneity on the formation of wormholes was
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studied using a two-scale continuous model, which was first described in [14-16]. It was
determined that rock heterogeneity affects not only the structure of the patterns formed
during reactive dissolution, but also the amount of acid required to achieve a given increase
in permeability. The acid volume decreases with an increase in the heterogeneity degree, as
well as with the decrease of length scale. This is especially noticeable at high acid injection
rates.

In work [14], an averaged two-scale model of carbonate rocks dissolution by hydrochloric
acid in 1D formulation is described. The model describes the relationship between transport
processes and reactions occurring at the pore and Darcy’s scale. The coefficients of mass
transfer and dispersion are estimated and the local equation and criteria are derived.

In [15], the two-scale model was extended for a 2D region. The paper studied the influence
of Thiele modules for pore and Darcy’s scales, acid concentration in solution, height-to-length
ratio, and acid number on dissolution modes. The results of the two-scale model are compared
with the results of the experiment and early work.

A detailed study of the carbonates dissolution process is given in [16]. In this work, a
criterion for the qualitative prediction of the wormholes formation was found and it was shown
that it is approximately equal to 1. Also, the asymptotic values of the breakthrough volume for
low and high injection rates were found by authors. To study the effect of rock heterogeneity
on dissolution, the concepts of the magnitude of heterogeneity and the dimensionless scale of
heterogeneity were introduced. In addition, this paper shows that the optimal breakthrough
volume decreases from the 1D case to the 3D case.

Study of the dissolution modes of carbonates with hydrochloric acid in works [17-19] were
carried out in a polar coordinate system. In work [17], a criterion is found for qualitatively
predicting the wormholes formation for a radial flow similar to the plane case. And also, the
fractal size of the wormholes has been determined. In the work [18], the normal distribution
was used to generate the initial porosity distribution. Thus, the influence of the normal
distribution of porosity on the dissolution modes was investigated. It has been shown that
in the case of a normal distribution of porosity, the acid breakthrough volume will be lower
than in the case of an uniform distribution, and it has been proven that such distribution
of porosity is close to the real distribution. The influence of the perforation length and the
presence of cavities on the dissolution modes were investigated in the work as well.

In the work [19], the two-scale model expands from the laboratory scale to the scale of well
bottom-hole zone. The study region consists of such two adjacent areas, as the contaminated
area in the well bottom-hole zone and the area behind it, in which the fluid is considered
to be weakly compressible. And also, a new criterion for acid breakthrough is introduced for
calculating the concentration values at the right end of the region. If this concentration is
10% higher than the initial value, then the breakthrough is considered to occur. And also,
the influence of the fluid compressibility, which is contained in the second region, on the
growth of wormholes was investigated. It was found that the use of the normal distribution
of porosity brings the results closer to the experimental data.

The influence of the region geometry on the rock dissolution was investigated in [20].
Based on the two-scale model, it was determined that if the core height is increased, the
breakthrough volume decreases. The dependence of the optimal velocity on the shape function
for dominant wormholes was found. The shape function is defined as the ratio of the height
of the area of interest to its length.
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3 Materials and methods

3.1 Physicochemical formulation of the problem

In acidizing, the acid reaction rate competes with the acid injection rate (inverse of the
Damkohler number) and diffusion. Usually the diffusion coefficient is small compared to the
injection rate [3]. When wormholes are formed, this mode is effective, since in this case
the minimum acid volume leads to the wormholes formation connecting the well with the
undisturbed region, and the permeability in the reaction zone increases by several orders of
magnitude. The wormholes formation mode is observed at average values of the injection rate.
When the injection rate is low or high, surface and uniform dissolution modes are observed,
in these cases the injected acid volume will be much larger than in the case of wormholes.

Dissolution modes (surface, wormhole and uniform) are related to the Damkohler number,
defined as the ratio of the rate of a chemical reaction to the rate of acid injection.
Consequently, at large and small values of the Damkohler number, surface and uniform
modes are observed, respectively, and at medium values, the formation mode. As a result
of experiments, it was found that the optimal Damkohler number is 0.29 [4].

Important components in determining the optimal mode of hydrochloric acid treatment
are the kinetic parameters of the reaction, which can be determined only from experiments.
The main process taking place in the rock during acidizing is the dissolution of carbonates. It
is known that more than half of the minerals that make up carbonate strata are represented
by dolomites (CaMg(COs)z) and calcite (CaCOs3). The chemical reactions of calcite and
dolomite with hydrochloric acid are represented by the equations:

CaCO3+2HCIl = CaCly + CO5 + HyO

CaMg(COs3)s +4HCl = CaCly + M gCly + 2H50 4 2C 0O,

3.2 Mathematical formulation of the problem

The acidizing process of carbonate formations is considered for single-phase multicomponent
isothermal filtration in a heterogeneous formation, provided that the reaction products are
completely dissolved in the fluid phase. The simulation takes into account the processes of
convection and diffusion, and a chemical reaction. Acid, getting into the pores, corrodes their
walls, thereby increasing the pore space. An increase in pore space leads to an increase in
permeability. The mathematical model of the dissolution process includes Darcy’s law, the
equations of continuity, concentration, porosity in dimensionless form (Figure 1):

Figure 1: Region of study
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where «q is the ratio of the height and length of the core, where w is the velocity vector,
k = (k;, k,) is the permeability tensor, p is the pressure, ¢ is the porosity, ¢ is the time, ¢y is
the acid concentration in the fluid phase, D, = (D.x, D¢r) is the effective dispersion tensor,
A, is the surface area per unit volume of rock available for reaction, Sh is the Sherwood
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number; Sh,, is the asymptote of the Sherwood number; m is the ratio of the pore length
to its diameter; Re, = 2|u|r,/v is the pore Reynolds number; || is the velocity module; v
is the kinematic viscosity of the fluid; S. = v/D,,, is the Schmidt number; A,, Ay, and ag;
are the constants that depend on the type of rock, f is a fluctuation that artificially creates
porosity heterogeneity of the reservoir, and lies in the interval [—Aegg, Agg], where Agy is a
given number.

Fugure 1 presents the region of study. For the pressure equation the Neumann condition
is set on the left, upper and lower boundaries, the Dirichlet condition is set on the right
boundary. For the equation of acid concentration the Dankvert condition is set on the left
boundary, and the Neumann condition is set on the other boundaries. We assume that at
the initial moment of time, there is no acid in the study region. The porosity is given by the
initial distribution. To create the rock heterogeneity, the initial distribution of porosity is set
as random with an uniform distribution law around the average value.

Dimensionless parameters that are included in the mathematical model are defined as
follows:

._g@-¢._2km,mwzl§5,pa:k; Lz%__%¥i¢2:zmpe:A“%L2

l)nz Ps U m m

, (19)

where L is the core length; Cj is the inlet acid concentration; « is the degree of dissolution of
the acid; p, is the density of the solid phase; D,, is the effective molecular diffusion coefficient;
g is the injection rate; ¢, ®? are the Thiele modulus for the scale of pores and core; N, is
the acid number; Da is the Damkohler number; Pe is the Peclet number.

3.3 Numerical formulation of the problem

To numerically solve the system of equations (1)-(4), together with equations (5)-(11) and
the initial-boundary conditions (12)-(18), we use the difference grid, which is shown in Figure
2a. We integrate equations over the control volume, which is shown in Figure 2b, taking into
account the boundary conditions.
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Figure 2: The difference grid: a) (circles are the area where the pressure, concentration and
porosity are determined, the dotted lines are the area where the velocity components are
determined); b) the control volume
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The algorithm for solving the acid treatment problem: from the known initial distribution
of concentration and porosity, we iteratively find the distribution of the pressure field, then
from the known pressure field we determine the components of the filtration rate according
to Darcy’s law.

Next, we determine the intermediate (c};;, ;%) and final (¢}}!, eli*') values of
concentration and porosity. Then the increase in concentration and porosity is compared
with a given small number, if the largest of them does not exceed a given number, then we
go to a new time layer. Otherwise, the time step is artificially reduced and all equations are
re-solved on the same layer until the above increments are less than a given number.

Thus, this procedure continues until the acid breakthrough at the right end of the core.
The criterion for stopping the entire calculation: there is an acid breakthrough at the right
end of the core if the average permeability increases 100 times over its original value.

4 Numerical results

This section presents the results of numerical calculations of the development/growth of
wormholes in porous media, depending on the parameters of the porous medium, acid
type and acid injection rate. The dimensions of carbonate cores are LxH=10cmx4cm and
4cm x 10cm, respectively. The other parameters are shown in tables 1 and 2.

4.1 Results for the carbonate core with dimensions LxH=10cm x4cm

Below in Figures 3-6, the results of numerical calculations of acid treatment of a carbonate
core with the size LxH=10cmx4cm are shown.

The acid injection rate in all calculations varied from 5x1075 cm/s to 5x100 cm/s.
Depending on the above parameters, the optimal injection rates were determined, at which
the smallest volume of acid is required to achieve the desired increase in the average core
permeability. And also, the modes of rock dissolution were determined.

Ta6smma 1: The values of the dimensionless parameters used

Parameter Value Parameter Value
Da 40-40000 @? 0,1; 2; 10
Noe 0,05; 0,1; 0,5 | S, 103

P2 10%; 10%; 105 | g 2x107°
€0 0.2 Agg 0,01; 0,15

Figures 3 and 4 show the results of the numerical solution at different injection rates,
when the Thiele modulus for the pore-scale ¢? takes the value 1072, 2 x 10~! and 10!, and
the remaining problem parameters remain unchanged.

The Thiele pore-scale modulus ¢? characterizes the relationship between diffusion and
reaction times.

Figure 3 shows the fields of porosity and pressure at the breakthrough moment at different
values of ¢2. Figure 4 shows acid breakthrough curves depending on the change in injection
rate for different values of ¢?.
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Figure 3: Distribution of porosity and pressure at the breakthrough moment at different
values of ¢?
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Figure 4: Acid breakthrough curves for different values of ¢?

When the reaction at rock surface begins to proceed faster than the diffusion process, a
minimum acid volume is required to breakthrough. This process can be seen from Figure 3a.
For ¢?=0.1 at the same values of the injection rate, the width of the dissolution channels will
be less than for ¢?>=2 and ¢>=10.

When changing the Thiele modulus for a pore scale ¢2, the pressure field straightens faster
(Fig. 3b). In the case of ¢*=0.1, the perturbation created by the acid injection reaches the
right end faster than for the cases of ¢*=2 and ¢*=10.

From Figure 4 it can be seen that for different values of ¢?, the values of the optimal
injection rate lie in different intervals (for ¢?=0.1 ¢?*=2 and ¢?=10, the optimal injection
rates lie in the intervals 1.1x1073, -5x1073, 9x107%, -3x1072 and 5x107*, -9x10~%). With
a decrease in ¢?, the optimal point shifts to the right and is located below.
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The results of studying the effect of changing the Thiele modulus for the core scale on
the carbonate dissolution process are shown below in Figures 5 and 6.
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Figure 5: Distribution of porosity and pressure at the breakthrough moment at different
values of ®2

—— B2 =10 /
64 —-— @2 =10 !
—— @?=10*
e
> 3 b b
o ~k
=
= !
a 16 - = -,
= M ]
| .\k-—l .-
s \i.__/
1E-05 0.0001 0.001 0.01 0.1 1 10

Injection rate, cm/s

Figure 6: Acid breakthrough curves for different values of ®2

Figures 5a and 5b show the distribution of the porosity field and pressure for different
values of ®2, when the acid breakthrough at the right end of the core. From the distribution
of the porosity field (Fig. 5a), it can be seen that with a decrease in ®2, the dissolution
channels, especially under optimal conditions (i.e., in the case of wormholes), become wider
and branched.

Figure 6 shows the distribution of acid breakthrough curves versus injection rate. In this
case, the Thiele modulus for the core scale takes the values ®? = 10*, 2 = 10° and ®? = 10°,
respectively.
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In work [8], analytical formulas for the asymptote for low and high acid injection rates
were found, which are given below. The surface dissolution for low velocity is:

1-— €0
PVp = 20
g Nacgo ’ ( )
The uniform dissolution for high velocity is:
Ef 1 ¢27’
1 r
PV, = Sh e

DCLNaC€0 AV
€0
where PVr and PV are the volume of acid breakthrough in surface and uniform modes,
respectively, € is the porosity at the breakthrough moment. In accordance with the equation
(19), it is possible to approximately calculate the breakthrough volume during surface
dissolution. For example, it can be seen from Figure 6 that as the acid injection rate decreases,
the breakthrough volume tends to the horizontal asymptote, in this case to PVy = 40. For
the uniform dissolution, you can also notice this phenomenon.

4.2 Results for the carbonate core with dimensions LxH=—4cm x10cm

This choice can be explained by the fact that, in practice, acidizing is usually carried out in an
area whose height (the length of the perforated zone of the well from which the acid is injected)
is much greater than its length (the radius of the contaminated zone). Therefore, research
in this area is of greatest interest. In this regard, the following are the results of numerical
calculations of the dissolution of a carbonate core with dimensions Lx H=4cmx10cm with a
change in various operating parameters, such as injection rate, N,., ¢?, ®2. The parameters
used in the calculations are shown in Table 2 below.

Tabmuma 2: The values of the dimensionless parameters used

Parameter Value Parameter Value
Da 40-40000 @? 0,1; 2; 10
Nae 0,05; 0,1; 0,5 Se 10°

P2 1.6x10%; 8x10% 1.6x10° n 2x107°
€0 0.2 A&o 0,15

In work [20], the influence of the transition from the scale of the core to the scale of
the bottomhole zone of the well on the dissolution process is investigated by changing the
geometry of the study region (changing the length and height). As shown by the study results
in this work, the density of wormholes increases with an increase in injection rate and with
a decrease in the distance calculated from the wall where the acid is injected. The authors of
this work, summarizing the results, obtained a correlation between the density of wormholes
and the injection rate. This dependency is given below.

pun(x) = a(z) In(ug) + b(z)

where p,p(z) is the number of wormholes per meter, a(x), b(z) are correlation parameters,
up is the acid injection rate.
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The results of the study of the influence of ¢? on the dissolution of carbonate rock at
different injection rates are shown below in Figures 7 and 8.

(A1)

,4,2 =01

_¢2=2 |

Porosity Pressure

Figure 7: Distribution of porosity and pressure at the breakthrough moment at different
values of ¢?
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Figure 8: Acid breakthrough curves for different values of ¢?

From Figure 7, it is noticeable that with an increase in the height of the core sample
from 4 c¢cm to 10 cm, the density of the dissolution channels, i.e. the number of channels
per unit height increased several times for the surface mode (I), the mode of formation of
thin channels (wormholes) (II) and the mode of branched dissolution (III). Moreover, this
tendency can be seen for all considered values of the microscopic Thiele modulus ¢?= 0.1; 2;
10. In addition, comparing Figures 8 and 4, we note that the amount of required volume of
acid breakthrough became lower in the case of a height of 10 cm (Fig. 8) compared to the
case of a height of 4 cm (Fig. 4). This can be explained by the shorter length in the case of
the 10 cm height, which contributed to the rapid breakthrough of the acid.
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Below in Figures 9 and 10 the dissolution results are shown at different values of
P2=1.6x10%, 8x10%, 1.6x105.

—-»* = 1,6-10*
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Figure 9: Distribution of porosity and pressure at the moment of breakthrough at different
values of @2
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Figure 10: Acid breakthrough curves for different values of ®2

Figure 9 shows that with an increase in the macroscopic Thiele modulus, the shape
of the dissolution channel changes: if at a low injection rate (I) of acid for ®?=1.6x10?
the dissolution front is almost even, then for ®?= 8x10* and ®?=1.6x10° already clearly
manifests itself in the formation of several dissolution channels, i.e. dissolution channels
become thinner. This is also confirmed by Figure 10, in which the graph for ®*=1.6x10% is
located above the graphs for the remaining values of ®2. It can also be seen from Figure 10
that the optimal injection rate, therefore, the optimal breakthrough acid volume shifts to the
left with an increase in the macroscopic Thiele modulus ®2.
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5 Conclusions

The process of wormholes formation during hydrochloric acid treatment of well bottom-
hole zone in carbonate formations was examined in this paper. Numerical calculations were
performed to study the dissolution modes of carbonate cores at different injection rates.
The mathematical and numerical formulation of the two-scale model (pore-scale and Darcy’s
scale) has been implemented and the computer code of the problem was built on the basis
of the created solution algorithm for the two-dimensional case using the C+-+ programming
language. The dependence of the acid breakthrough volumes on the injection rate (Damkohler
number Da) was obtained for various values of the acid capacity number N,. and Thiele
modulus (¢? and ®2). Also, the influence of the core size on the dissolution process was
investigated. It has been shown that there are horizontal and oblique asymptotes at low and
high injection rates. It was found that in the case when the core height increases, the density
of dominant wormholes increases.
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