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Keywords: The use of hydrochloric acid treatment goes back a century. For the first time, acid was applied for formation stimulation by
acid treatment, bottomhole zone Ohio Oil company in 1895, and the patent for acidizing limestone was obtained by Standard Oil company. However, with a
treatment, acid treatments, significant increase in production volumes, it turned out that acid solutions caused very strong corrosion of downhole
carbonate reservoir, types of acid equipment. Therefore, the hydrochloric acid treatment method had not been used for 30 years. A discovery made by John Grib
treatment, technologies, simple acid of Dow Chemical company in 1931 - slowing down the effect of hydrochloric acid on the metal with arsenic — made it possible
treatment, thermal acid treatment, to return to this method, and three years later Halliburton Oil Well Cementing began to practice acidizing on an industrial scale.
methods of carrying out. As the analysis of the field material has shown, there are many technologies with the use of modified acids intended for

acidizing, which are characterized by a high degree of success. Nevertheless, according to the estimates of different authors, the
treatment success varies in the range from 60 to 80%, and for repeated treatments — less than 50%.

The urgency degree of the problems associated with acid treatment of the bottomhole formation zone and the tendencies of
its development were investigated. Analysis of patent information according to the International Patent Classification for 17
years (from 1997 to 2013 inclusive) for Russian patents and for 15 years (from 1999 to 2013 inclusive) — for American ones
showed stable activity of Russian organizations, while foreign organizations showed a significant growth of interest and
achievements in this respect.

Foreign experts mainly investigated the modeling of acid treatment [6-11], while Russian specialists were more inclined towards
service support of acid treatment. It was revealed that there were no methods for calculating the risks of falling out of heavy oil
components during acid treatment, depending on the geological and physical conditions of the target.

KoriogeBrre ci1oBa: Hcnosp3oBaHue COJIAHO-KHCJIOTHON 00pabOTKH HAaCUYMTHIBaeT yXe BEeKOBYI0 MCTOpHIO. BrepBble KHUCJIOTY AJiA BO3JeHCTBUA Ha
KHUCJIOTHasA o6paboTka, obpaboTka IJIacT MpUMeHusa KoMmmnanus «Oraiio Oiyl» B 1895 T., a maTeHT Ha KUCJIOTHYI0 06paboTKy M3BeCTHsKA ObLI IOJIy4eH KoMIaHueH
pu3ab0iHON 30HBI, KHCJIOTHBIE «Crangapt Oiyi». OfHAKO NpY 3HAUYUTEIBHOM yBeJIM4eHU! 06beMOB HOOBIYM BBIACHIIJIOCH, YTO KHCJIOTHBIE PACTBODPH BHI3BIBAIOT
06paboTKU, KapOOHATHBIH OueHb CUJIBHYI0O KOPPO3HIO0 CKBaXXHHHOTO O0OPyAOBaHMsA, MOSTOMY METOJ COJIAHO-KHCJIOTHOH 0OpaboTKu He NpUMeHsUIM Ha
KOJIJIEKTOP, BUIBI KHCJIOTHOH npotsbkeHun 30 stet. OTkphiTHe [[xoHa I'puba m3 xommanum «Jlay Kemmxs» B 1931 r. — 3aMejieHne BO3JeHCTBHUA COJIHOM
06paboTKH, TEXHOJIOTUH, TIpOCTast KHCJIOTHI Ha METajlJl MBIIIBAKOM — IIO3BOJIMJIO BHOBb BEPHYTHCA K JaHHOMY METOAY, M yXe€ CIyCTA TPU roja KOMIaHHA
KHUCJIOTHas o6paboTKa, «XanmbypToH Oiut Besin CeMeHTHHT» Hayasla MPaKTUKOBATh KMCJIOTHYI0O 06pab0TKy B MPOMBIILIEHHBIX MacITabax.

TepMOKHUCJIOTHasA 06paboTka, Kak mokasaJl aHaJIu3 IIPOMBICJIOBOrO MaTepuaja, CyllecTByeT MHOXeCTBO TeXHOJIOTHIl ¢ MpuMeHeHHeM MOANGUIIPOBAHHBIX
METOAUKH IIPOBEJEHUA. KHCJIOT, IpeJHa3sHa4YeHHBIX [AJIA KUCJIOTHOH 06paboTKH, XapaKTepHU3YIOI[UXCsA BBICOKOW CTeNeHbI0 yCIeMmHOCTU. TeM He

MeHee, 110 OL[€HKaM Pa3HBIX aBTOPOB, yCIIEMIHOCTb 06paboTOK M3MeHsAeTcA B guamnasoHe oT 60 go 80 %, a Aj1A HOBTOPHBIX
obpaboTok — MmeHee 50 %.

HccneoBaHa cTeneHb aKTyaJbHOCTH IPo6JIeM, CBA3aHHBIX C KMCJIOTHOH 00paboTKol Mpu3aboiHOI 30HHI IJIacTa, U TeHAEHIUI
ee pa3BUTHA. AHaIM3 MaTeHTHOH uMHQOpManuK Mo MexayHapoJHOI NMaTeHTHOH Kiaaccudukanuu 3a 17 set (¢ 1997 nmo 2013 r.
BKJIOUUTEJIBHO) [JI1 POCCUHCKMX MaTeHTOB U 3a 15 jer (¢ 1999 no 2013 r. BKJIOYWUTENBHO) — AJIA aMEPUKAHCKUX MOKa3asl
cTabusIbHyI0 aKTUBHOCTh POCCUICKUX OpraHH3aliii, B TO BpeMsA Kak 3apyOeXXHble OpraHH3aliy IPOSBJIAIOT B 9TOM OTHOIIEHUH
3HAUUTEJIbHBIE POCT HHTEPECOB U JOCTIDKEHUN.

3apy6exxHble CIeNUaJUCTHl UCC/IeAYIOT B OCHOBHOM MOZE/JHMpOBaHUEe KHCJIOTHOH o6paboTKU, B TO BpeMs KaK pOCCHICKHe
6oJIblile CKJIOHAIOTCA B CTOPOHY CEPBHCHOTO CONPOBOXKAEHNUA KUCJIOTHOTO BO3/[eHiCTBUA. BBIsIBIIEHO OTCYyTCTBHE METOAUK pacueTa
PUCKOB BBINAQJEHUA TsDKEJIBIX KOMIOHEHTOB He(dTH NpU IMPOBeJAeHHU KHUCJIOTHON 06pabOTKA B 3aBUCHMOCTH OT TIeO0JIOro-
$usHUecKUX ycJI0BUI 00beKTa BO3AENCTBUSA.

Konstantin V. Andreev (Author ID in Scopus: 57218539507) — First Deputy Director (tel.: +007 844 296 77 99, e-mail: Konstantin.V.Andreev@lukoil.com).

Annpees KOHCTaHTHH BlaguMHpOBHY — NepBhIii 3aMecTUTeb AupekTopa (Tes.: +007 844 296 77 99, e-mail: Konstantin.V.Andreev@lukoil.com).

Please cite this article in English as:
Andreev K.V. Analysis of the Acid Compositions Application in High-Temperature Carbonate Reservoirs. Perm Journal of Petroleum and Mining Engineering, 2021,
vol.21, no.2, pp.76-83. DOIL: 10.15593/2712-8008/2021.2.5

ITpocp6a cchUIAThCA HA 9Ty CTATHIO B PYCCKOA3BIYHBIX MCTOYHMKAX CJIEYIOIIM 06pa3oM:
Anpnpees K.B. AHanu3 npuMeHeHUA KHUCJIOTHEIX COCTaBOB B BEICOKOTEMIIepaTypHBIX KapOOHATHBEIX KoJuleKTopax // Hexmpomosnb3oBanme. — 2021. — T.21, No2. — C.76-83.
DOLI: 10.15593/2712-8008/2021.2.5

Hegpononb3oBaHue. 2021. T. 21, Ne 2. C.76-83. DOI: 10.15593/2712-8008/2021.2.5



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING

Introduction

Currently, there are several modifications of acid
treatment technologies. Traditionally, the following types
are distinguished: hydrochloric acid bath (HAB); simple
(low-volume) acid treatment; large-volume selective acid
treatment (LVSAT) [1-19]; acid fracturing of formation
(AFF) [20-27]; acid drilling technology [28-36]; acid
treatment of closed fractures [37-43]. Additionally, acid
treatment can be divided into: simple acid treatment;
interval (stepwise) acid treatment [1, 13-19, 43-49]; acid
treatment under pressure [14, 19]; acid treatment in
dynamic mode [49, 50]; thermal acid treatment (TAT) and
thermochemical treatment (TCT) of the bottomhole
formation zone (BHZ) [49, 51, 52].

Interval hydrochloric treatment or staged hydrochloric
treatment are sequential treatments of several formation
intervals of significant thickness (directional acid
treatments).

L. Kalfayan and A. Martin in their work [19] presented
various options for acid placement using flow diversion
technologies, classifying the methods into the following
categories:

— MAP/DIR method (maximum pressure differential
and injection rate) [14, 19, 43];

— mechanical isolation methods: blind packer or cement
bridge, packer;

- combined method using a blind packer and a
conventional packer;

— method of sealing balls;

— method of coiled tubing;

— methods of chemical deflection;

— protected injection by pumping the acid through the
tubing, and inert liquid — through the annular space, or
pumping the acid into the annular space, and inert liquid —
through the tubing.

Methods of Hydrochloric Treatment

The paper [47] provides an overview of field tests of
various acid deflection methods using a fluid placement
simulator in a formation system. Several methods can be
used simultaneously to achieve the best deflection:
application of coiled tubing, chemical deflection and
MAP/DIR technology [48].

The injection of acid solutions into the bottomhole
zone of wells under pressure allows the reagent to
penetrate into the pore space of productive rocks into the
depth of the formation without spending a significant
fraction of acid on increasing the diameters of dissolution
channels in the nearby part of the bottomhole formation
zone [14, 19].

The highest efficiency for wells with fractured porous
reservoirs is provided by high-speed high-pressure acid
treatments. During treatment, microfractures are opened
from the upper intervals of the net pay thickness [14].

During acid treatment, the acidic solution is injected
into the formation in a traditional way in accordance
with the selected technology, which determines the
pressure and injection rate. When the solution enters the
formation, the acid reacts with carbonates. The
interaction of hydrochloric acid, especially with porous
cavernous carbonate rocks, at the boundary surface
between solid and liquid phases initially proceeds at a
high rate. Subsequently, a surface layer of saturated rock
and insoluble products is formed at the boundary surface,
which significantly slows down the supply of fresh
portions of acid to the reaction zone. In this case,
carbonates are dissolved only due to the diffusion of
hydrogen chloride molecules. The dynamic treatment

mode in carbonate reservoirs, especially high-
temperature reservoirs, requires continuous injection of a
delayed-action acid, starting from the minimum speed
and ending at the maximum permissible speed as per
technological parameters of a well if there are no
geological restrictions (breakthrough into water and gas
saturation zones). The reaction products are extracted
after a period of time conditioned upon the activity of
acid under the given conditions.

If a jet pump is not available, acid treatment of the
formation in the dynamic mode can be carried out using a
compressor and a special valve device [50]. The developed
process flow diagrams for the performance of acid
treatment in a dynamic mode, as well as the results of field
trials, show the effectiveness of this treatment method of
the bottomhole formation zone. This specifically includes
formations with high initial temperature, when the
reaction rate is high (the reaction of hydrochloric acid
with carbonates). The resulting products must be removed
from the interaction zone as soon as possible.

The use of large-volume selective acid treatment
allows to significantly increase the production rate of
wells confined to carbonate reservoirs. At the same time,
when interacting with carbonate rock, hydrochloric acid
does not fully react with the pore space but forms large
highly permeable wormholes in the rock. In this process,
the skin effect can vary in the range from -2 to -5,
depending on the density of fractures, porosity,
components of the acid, as well as the method and
technology of its application. The impact radius of the
large volume selective acid treatment exceeds 2 m from
the wellbore (subject to radial propagation), and the acid
flow rate exceeds 2 m® per linear meter of the perforated
interval. For example, with a formation thickness of 10 m
and an acid volume starting from 20 m?, the technology
can be characterized as large volume selective acid
treatment. Fractured reservoirs require a multiple
(3-6 times) increase in the volume of acid [13].

The main conditions for the effectiveness of the large
volume selective acid treatment are [13]: consideration of
the criteria for the acid treatment application when
selecting the priority well candidates; design: comparison
of laboratory and field studies; determination of changes
in well production rates during well flow tests; process
modeling and design optimization; filtration process
control: interlayer processing; the use of an acid
composition with process slowdown - oil-acid emulsions
(OAE), acid-containing polymer compositions gelled inside
the formation, self-diverting acid compositions (SDAC);
compliance with the optimal processing design.

When designing acid stimulation, the geological and
physical characteristics of the reservoir should be taken
into account: its mineralogical composition, permeability,
compressibility and porosity of rock, fluid viscosity and
temperature. Logging results, petrophysics and field
development indicators should be taken into account to
better understand the problems associated with the
deterioration of the porosity and permeability
characteristics of the reservoir rock. Subsequent analysis is
related to the study of the history of selected wells with
further determination of actual parameters and overall
efficiency of the acid treatment. Core studies, including the
study of pore space structure, filtration-capacity properties
and contact angle of wettability, compatibility of rock with
the well-killing solution and other process fluids planned
for use, and other studies make it possible to validate the
acid composition for well treatment. The wuse of
experimental data in the field should be carried out with
certain assumptions, since with the growth of lithological
and structural changes the justification for the acid
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optimization and the design of its application acquire a
significant role. When producing highly conductive
wormholes during acid treatment, the most important
aspects are the control processes related to filtration,
injection rate, and rate of reaction with rock. The control
of filtration processes makes it possible to increase the
success of acid treatment in fractured-porous reservoirs
and to achieve high recovery from all oil-saturated
intervals of the formation [14]. The standard acid
treatment uses either ordinary hydrochloric acid or that
modified with retarders [16, 17] together with diverting
reagents [18, 53, 54]. An isolating compound (diverter)
blocks the water-saturated / high-permeability formation
intervals, making the acid to enter the low-permeability /
oil-saturated parts of the formation. When modeling acid
action, the acid solution volume estimation is carried out
separately for each well of a particular field. This task
presents significant challenges due to the dependence of
acid volumes on numerous factors related to reservoir
geology, development processes, and process technology.
In addition, it is necessary to take into account the
heterogeneity of the bridging zone when the fracture
crosses the damaged part of the bottomhole zone.
A distinctive feature of the technical organization of large
volume selective acid treatment is the need to mobilize a
sufficient amount of equipment and tanks at a well cluster
in order to accumulate a large amount of acid to ensure
the continuous treatment process. The treatment shall only
start after all the necessary components are available on
site. As noted earlier, the large volume selective acid
treatment has a significant success when it is carried out in
carbonate deposits with natural or acquired fracturing.
The process efficiency is low in low-permeability
carbonate reservoirs. Nevertheless, good results can be
achieved when performing acid fracturing of formation,
i.e. in a joint process involving hydraulic fracturing and
direct acid treatment of carbonate rock. Acid fracturing of
formation is performed in carbonate reservoirs with low
permeability in order to increase their conductivity due to
the creation of fractures and increase the treatment depth
along the productive formation direction. Acid fracturing
of formation performed during the injection of fluids at
pressures higher than the rock fracture pressure is aimed
at the creation of a highly conductive channel by
inhomogeneous dissolution of the fracture walls. In order
to achieve high efficiency of acid fracturing, it is necessary
to ensure that the channels remain open after exposure to
acid. After the acid action in a fracture, the carbonate rock
dissolves faster in comparison with other minerals; when
the fracture is closed, undissolved carbonates create an
obstacle to their closure. The void space in the formed
channels creates the so-called fracture conduction
channels, thereby ensuring the flow of oil to a well,
including a high-rate one. In soft carbonates, the
maintenance of fracture conductivity due to newly formed
channels may not be achieved, since the process of
fracture collapse may occur during subsequent
development. Taking into account the above arguments, as
a rule, acid fracturing with fracture reinforcement by
proppant is used for the reservoirs in question [55]. The
proppant volume can be increased up to 30 % depending
on the rock nature. An important role in the acid
compound is played by corrosion inhibitors and additives,
which are functionally aimed at reducing acid loss through
the fracture walls, justified by minimization of secondary
clogging in the bottomhole formation zone. The immediate
fracture size is determined by the rate of reaction of the
acid with rock and depends on the amount of acid leakage
into the fracture walls. A gel rim is used to create
conditions for the long fracture formation, but acid

injection at the subsequent stage may have significant
leaks through the fracture walls, as a result of which the
depth of the acid penetration into the fracture decreases,
which in turn leads to a decreased effect [20]. It is noticed
that the fracture length depends on the formation
temperature. Moreover, a decrease in the low-permeability
formation temperature leads to an increase in its length.
For the considered purposes, the additives are used during
acid fracturing which reduce fluid leakage through the
fracture walls. There is considerable world experience of
the successful application of acid fracturing, several
monographs exist considering this method [21-26],
among which one should pay attention to the constantly
updated work of one of the leading experts in the field of
well stimulation, Michael Economides. It is necessary to
mention the published [27] positive experience of acid
fracturing at the Devonian site of the Kharyaginskoye
field of the Timan-Pechora oil and gas province. The
standard fracture treatment method generally gives good
results in carbonate reservoirs. The acid front passes
through the open fracture and dissolves the fracture
surface unevenly so that the structure of the formed
channels becomes extended. But often these channels,
opened under pressure during treatment, reduce after
treatment, and the fracture closes [50]. In 1970, much
attention was paid to the opening of natural fractures
and their consolidation in the work of G.T. Ovnatanov
[37], where he noted the successful acid treatment of
naturally fractured reservoirs, including the south of the
Siberian platform. He studied the Osinsky horizon of the
Atovskaya, Balykhtinskaya and other areas, as well as a
number of sites at other fields. The positive experience of
the microfractures deep propping technology by
corundum with sand in well No. 4 of the Chaladidi field
was provided. Depending on the general geological
conditions and, mainly, on the fracture network which
cut through the rock in a given section, the treatment
process is carried out in two technological options [37].

Option 1. The network of microfractures is evenly
distributed throughout the reservoir and in the vicinity of
the production bottomhole. Under such conditions,
natural microfractures are propped by a working fluid
within a radius of 1 m from the well walls, and acid
dissolves the minerals that fill the fractures. After
keeping the acid mixture in the formation under
pressure, it is then removed from the formation by
drainage. When the acidity in the incoming liquid
samples sharply decreases and gradually disappears, the
second stage of the procedure is started, namely, the
fractures are consolidated with a solid agent. Having
placed a solid agent in the fracture, the well is left alone
for some time, after which the walls of the fractures
become closer, and only after that it is possible to start
well tests. The opening of fractures in this position will
be kept in the formation for a long time by a stopper
made of a mixture of high-strength grinding grains of
heavy corundum and quartz sand, transported along the
wellbore and placed in the fracture by a viscous carrier
fluid. The process is also planned for cases where the
well production bottom is composed of rocks, dissected
by open microfractures and filled with parent oil (natural
gas), but which closed during opening. In order to restore
the initial microfractures throughput, it is necessary to
open and fix them with a solid agent at a distance of no
more than 1 m from the walls, but according to a
simplified process without intermediate work on the
formation acid treatment.

Option 2. The network of natural microfractures,
which cut through the rock in the well production
bottom zone, is located at some distance from the main
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direction of their development, and microfractures are
not intersected by the well. The conclusion on the
possibility to dissect the rock mass by microfractures in
this way can be drawn based on numerous facts that are
often encountered in the oil and gas exploration practice
(Osinsky horizon, Eastern Siberia) [37]. In such acid
fracturing operations, the main type of rock destruction
increasing its permeability is no longer a continuous
increase in the size of the open section of fractures but
the creation and development of communication
channels that go deep into the formation where the acid
corrodes the rock of microfracture walls and dissolves
mineral formations filling microfractures at a great
distance from the production bottomhole. In this case,
obviously, the acid solution must be directed along the
path until it meets the main direction of the natural
microfractures development; however, obviously, it
should flow not along several channels, but along one or
two channels of significant length. Consequently, a
distinctive feature of this process is that the working
fluid reaches the zone of the formation with high-
frequency fracturing, as a result of which the well
establishes stable connection with the feed source [37].
Closed fracture acid treatment has been also developed in
foreign works. It has been shown that previously
fractured wells can be retreated using a closed fracture
acid injection system at a pressure lower than the
pressure required to open the fracture. This method is
called CFA technology (closed fracture acidizing) [38-
42]. This closed fracture acid injection process can be
considered for any carbonate formation that is already
fractured, as the acid "selects" higher conductivity
channels. This is especially important for low-
permeability reservoirs. These fractures can be of the
following origin [38]: 1) fractures created immediately
before the treatment of a closed fracture; 2) fractures
created earlier as a result of acid injection into the
fracture or hydraulic fracturing; 3) natural fractures.
Fig. 1 shows a three-dimensional image obtained from a
set of two-dimensional images of a tomographic scanner,
the result of acid penetration into a perforation. It can
be seen that the acid penetrates into the low-porosity
matrix only little, if at all, but propagates along the
perforation (cavity analogue) and fracture. The
wormholes form only after this [56].

The closed fracture acid injection method is designed
to allow acid to flow through the existing closed fractures
at a pressure below the fracture pressure by channeling.
As the acid is pumped at a slow rate and dissolves large
flow channels, wide grooves or channels are formed on the
fracture surface. These grooves tend to remain open while
maintaining good conductivity under severe closure
conditions, and they also let fine particles or emulsions to
be easily discharged. Besides, the original fracture system
can be represented by natural fractures created by a
hydraulic fracturing operation, or fractures created and
etched just prior to "closed" treatment. The method is
based on injecting acid through a closed or partially closed
fracture at the fracture opening pressure or a little below
it, to prevent the fracture from opening to a noticeable
width. Acid flows out of this closed fracture, possibly in a
turbulent flow, rapidly dissolving a bigger part of the rock
surface than in case of the open fracture flow. In addition,
most carbonate reservoirs have areas or mineral veins that
have different reaction rates mainly due to different
solubility in hydrochloric acid, rock composition or
permeability. This condition usually allows one area to
dissolve faster than adjacent areas. Areas or veins of rock
that are dissolved by acid at a faster rate become larger,
and in a very short time most of the acid tends to flow

Acid pen
the fracture

Fig. 1. Limestone sample after hydrochloric treatment

through them, thereby creating channels or grooves.
Under certain conditions, these channels become so large
that theacid is no longer in the turbulent flow. These
freely soluble areas of the reservoir are distributed
according to the bedding plane [37], if any, which is
mostly horizontal. This tends to cause the acid to flow
radially rather than vertically.

Once the acid has dissolved a small portion of the
fracture surface, creating relatively deep channels or
grooves, the remaining fracture surface can keep the
channel open under high rock pressure without completely
destroying the etch channel. In the work [57], a
comparison of various designs of the combination of this
technology with the acid fracturing technology is made for
the LN field in the Taryn province of China with different
directions of fractures of the Ordovician formation. It is
also important to note the disadvantages of the CFA
method, which must be taken into account: 1) a method of
modeling or predicting the number or the length of etched
channels has not been developed for this technology;
2) deflection with balls can be a problem at low injection
rates and differential pressure across perforations;
however, this problem can be usually solved by using low
weight or balanced density seal balls and/or by increasing
the pumping rate when the seal balls are at the
perforations. An alternative is the interval treatment.
Closed fracture acid injection will not work in certain
types of carbonate formations, and they are difficult to
identify and predict, unless core filtration studies have
been performed. So, when the formation has several zones
that cannot be drained vertically, each zone needs to be
treated. If some perforation intervals are associated with a
system of natural fractures, while others are not, then flow
deviation at a pressure sufficient to fracture unconnected
interlayers is a difficult task. The literature review of
closed fracture treatment shows mixed success of
treatments. It was found that in order to achieve efficiency
in closed fracture treatment for low-permeability
formations it is required to increase the fracture length,
while a fracture conductivity increase is important for
permeable reservoirs [58]. Wells with good initial
permeability are also the best candidates for treatments
[59]. D.I. Parrot and M. G. Long [60] examined both
successful and unsuccessful re-opening treatments in a
low-permeability gas reservoir and concluded that wells
with good initial productivity are the best candidates for
fractures re-opening. Distinctive features of fractured
reservoir behavior are formulated in works [37, 61].
During the treatment of a formation with a fractured
reservoir, the fracture opening pressure is determined, but
not the injectivity as for a porous reservoir. In a fractured
reservoir, the fracture opening pressure is important
primarily because there is practically no injectivity in the
formation until the pressure is achieved. At the very
beginning, when elastic properties of the formation begin
to manifest, the fluid is injected at very low flow rates.
A further increase in the injection pressure leads to a new
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qualitative state of the bottomhole formation zone
permeability - natural fractures begin to open: the pressure
no longer grows, but begins to fall abruptly, accompanied
by an increasing volume of working fluid injected into
the formation [37]. Where there is no natural fracturing of
the formation on the wellbore wall contour or near it,
the working fluid will not enter the formation until the
hydraulic fracturing pressure is achieved.

Selection of Reagents

After determining the technology option, it is
necessary to select reagents containing an acidic
component. It can be the acid itself with various
additives or an acid-generating mixture of substances
that releases acid in the formation that reacts with a
bridging agent or reservoir formation rock. Since
carbonate reservoirs, by their chemical nature, are salts
of carbonic acid which are freely soluble in acids, acid
stimulation is the main method of well stimulation in
carbonate reservoirs. The basic reagent used to restore or
increase the permeability of the bottomhole zone of wells
in carbonate reservoirs is hydrochloric acid (HCl); acetic
acid (CH;COOH), aminosulfonic acid (NH,SO,H) are also
used. In addition, in order to slow down the reaction of
rock with acid, reagents that generate acids in the
formation (salts of nitric and phosphoric acids, esters of
organic acids) as well as non-acid reagents (chelates) — N,
N-bis- (carboxymethyl) — L-glutamic acid and its salts,
ethylenediaminetetraacetic acid (EDTA), oxyethylidene
diphosphonic acid (OEDP), nitrilotrimethylphosphonic
acid (NTF) dissolving carbonate rock at high
temperatures [62, 63] are used instead of HCI. The
overwhelming majority of well stimulation methods in
carbonate reservoirs are based on the creation of highly
conductive channels [12, 20, 23, 56, 64-68]. Depending
on the type of treatment and the pore space structure,
these can be either fractures or wormholes (Fig. 2).

It should be noted that an increase in the injection
rate leads to the formation of more branched wormholes
and is consistent with the experimental and theoretical
results of several researchers [69].

The acid treatment of carbonates is usually carried out
using HCI, where it reacts according to the equations:

— with limestone: CaCO, + 2HCl — CaCl, + CO,! + H,0;

— with dolomite: CaMg(CO,), + 4HCl — CaCl, + MgCl, +
+ 2C0,1 + 2H,0.

Calcium chloride and magnesium chloride resulting
from the reaction are freely soluble in water. Carbon
dioxide is also easily removed from the well or, at the
appropriate pressure (over 7.6 MPa), dissolves in water
[52] as well. A 10-15 % solution of hydrochloric acid is
usually prepared for well treatment, since with its higher
content the neutralized solution turns out to be very
viscous, which makes it difficult to exit the formation
pores. However, for low-temperature dolomite deposits,
the concentration of hydrochloric acid can be increased
up to 20-24 %, since dolomites require higher specific
consumption of acid, and their dissolution rate is
significantly lower than that of limestones. Let us
consider the most famous modifiers used in acid
compositions for various purposes. Thus, acid corrosion
inhibitors are used to reduce acid corrosion of well
equipment. They are adsorbed on the surface of pipes,
forming a protective film that reduces the rate of acid
attack on steel. Acid corrosion increases with increasing
temperature, and the inhibitor's ability to adsorb on steel
decreases. The use of two inhibitors together has a
synergistic effect on corrosion reduction. The main
factors influencing corrosion are the nature of steel itself,

Fig. 2. Channels in the carbonate samples
after hydrochloric treatment

the type of acid, its concentration, stirring, temperature,
pressure, solubility of acid corrosion inhibitor and its
concentration, the ratio of the metal area to the acid
volume, contact time, the presence of a synergistic effect
during inhibition, the effect of other additives.

In 1935-1936, the USSR started to use formalin as an
inhibitor of acid corrosion [49]. Surfactants are also used
in the acid treatment to reduce the rate of reaction with
rock, promote foaming, demulsify water-in-oil emulsions
(WOE), lower capillary pressures in a porous medium,
improve the solubility of oil-saturated reservoirs, reduce
hydraulic losses due to friction (Toms effect), break and
wash asphaltene-resin-paraffin deposits (ARPD), invert
the reservoir surface wettability [23, 65].

The number of surfactants used depends on the
purpose of their use. Surfactants used to reduce phase
tension and/or hydrophilization are usually used in an
amount of 0.2 to 0.5 %. Other targets require higher
concentrations. Mutual solvents are a group of polar non-
electrolytes that dissolve in oil, acid, fresh water, and
mineralized water. In the literature, mutual solvents are
also called universal solvents [12]. Mutual solvents
penetrate deeper than surfactants and are used to
increase the miscibility of acid and oil by reducing
boundary or surface tension. They are more effective
than most surfactants as surface hydrophilizers for
prevention of emulsification and minimization of sludge
formation (setting of heavy oil components). In addition,
mutual solvents dissolve oil in the pore space of the
formation, making the pore surface hydrophilic. Thus,
mutual solvents allow to control the rate of reaction of
the acid with rock. The end result is that mutual solvents
improve post-treatment waste acid recovery. The
concentration of mutual solvents depends on the purpose
and conditions of use, but ranges from 0.5 to 35.0 %.
Incompatibility occurs when mixing different surfactants
and/or mutual solvents. Aliphatic alcohols, carboxylic
acids, acetone, dioxane, esters of alcohols and organic
acids, ethers of alcohols and glycols (cellosolves) can be
used as mutual solvents. Methanol, acetone, isopropanol,
butanol, including bottoms, glycols (polyglycols),
dioxane alcohol derivatives [12] are the main non-
hydrocarbon solvents for the acid treatment of
bottomhole formation zone the in Russian fields.

In foreign practice of oil and gas production, preference
is given to solvents of the mutual solvent class, with their
differentiated action in the bottomhole formation zone
pursued. Ethylene glycol monobutyl ether (EGMBE, butyl
cellosolve) is the most frequently studied and widely used
reagent in the acid composition in the US fields [12, 23].
The concentration at which EHMBE is used varies from 1 to
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10 %, but the optimal concentration is considered to be
3-5 % [23]. It should also be noted that polar solvents are
used not only as modifiers of the acid composition, but also
as an independent stage carried out before the acid
injection. Aromatic solvents are mainly used for this
purpose [4]. Additives, so-called clay stabilizers, are
substances used to minimize the absorption of water by the
aluminosilicate particles. The wuse of additives for
aluminosilicates prevents clogging, emulsion formation, and
reduces the treatment pressure and the time for cleaning the
bottomhole formation zone. Traditionally, ammonium or
potassium chlorides are used as clay stabilizers, but these
reagents are mainly used as a pre-rim before the acid
injection. Quaternary amines and quaternary polyamines
are also used as stabilizers [4, 23]. In addition, for this
purpose, hydrofluoric acid in the composition of mud acid
can be replaced by hydrofluoric acid to eliminate secondary
clogging with clay particles [4]. In order to deliver acid to
the required formation intervals and increase the depth of
acid penetration into the formation, various modifications of
acid compositions are used. These are oil-acid emulsions,
foam acids, gelled acid systems, and self-diverting acid
systems. It is known that the viscosity and stability of oil-
acid emulsions depend on many factors, such as the method
of preparing the emulsion, oil characteristics, the ratio of
the amount of acid to oil, emulsifier, etc. [49].

The action of polymer-based chemical diverters [48]
is associated with blocking of highly conductive channels
of the formation in order to further stimulate the entire
bottomhole formation zone [48]. Recently, in the foreign
literature, there have been reports on new acid treatment
technologies of productive formations. The acid
treatments with preliminary injection of carbon dioxide
and with the use of viscoelastic self-diverting acid
compositions represent the greatest interest, in
particular, the Schlumberger technology, VDA
(viscoelastic diverting acids), which is a mixture of acid
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