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Currently, most residual recoverable oil reserves of the fields are located in complex layered heterogeneous carbonate
reservoirs. Improving the efficiency of field development in conditions of uneven development of reserves along the
section is complicated by an increase in water cut that occurs as reserves are recovered. In this regard, the process of
searching for candidate wells for acidising becomes more complicated, and there is a need to use new technologies for
stimulating the formation. In particular, the use of diverting agents in hydrochloric acid treatment often becomes a
prerequisite for a successful treatment of the bottom-hole zone. The results of laboratory studies and work performed in
wells are generalised and analysed, as well as the correctness of methodological approaches in studies of self-deviating
acids is confirmed, taking into account the actual results obtained on wells.

The results of laboratory investigations of self-deviating acids in the "free volume" and on core material are described, the testing
of acid compositions in four wells, including the results of flow measurements before and after treatment, is analysed.

The analysis of works showed that according to the results of flow measurements carried out in the wells, the inflow
profile redistribution was recorded, which was also noted at the stage of filtration studies on two-layer multi-permeable
models. The promising areas for applying self-diverting acid are wells with intervals not connected to development in
the presence of permeability contrast, including after standard acid treatments. It is necessary to test the technology at
objects with a small formation thickness to ensure a higher specific reagent consumption, taking into account the high
cost of self-diverting acids.

B HacrosAllee BpeMsa 0oJIbIIIasA YaCTh OCTATOYHBIX M3BJIEKAEMBIX 3allacoB HE('I)TI/I MECTOPO)K}Z[EHI/Iﬂ HaxoauTcA B CJIOXKHOIIOCTPOEHHBIX
CJIONCTO-HEOJHOPOAHBIX KapOOHATHBIX KoJjulekTopax. IloBemmeHue 3G¢GeKTUBHOCTH pa3pabOTKH MeCTOPOXKIEHHWII B YCJIOBHAX
HepaBHOMEPHOH BBIPAaOOTKM 3alacoB IO pa3pe3y OCJIOXKHAETCA POCTOM OOBOAHEHHOCTH, IPOUCXOJANIEN IO Mepe BBEIPAabOTKH
3anacoB. B cBsA3u ¢ aTUM YCIIOXKHAETCS NMPOLECC ITOVICKa CKBAXWH-KaHAUAATOB 1A IIPOBEAEHUA KNCIIOTHBIX DﬁpaﬁOTOK, NOABJIAETCA
HeOﬁXOL(I/IMOCTb KCITOJIb30BaHUA HOBBIX TEXHOJIOTHE BOSﬂeﬁCTBHH Ha 1wiact. B YaCTHOCTH, HCIIOJIb30BAHME OTKJIOHAKIINX areHTOB
NP COJIAHOKHUCJIOTHOH 00paGOTKe HepeKo CTAHOBUTCA HEOOXOAVMBIM YCJIOBHEM MJIA YCIEIIHOro NpoBefeHHUs 0GpaboOTKH
npu3aboiiHOi 30HbL. OGOOIIEHbl M NPOAHAJIM3UPOBAHBI Pe3yJIbTaThl JIAGOPATOPHBIX MCCIENOBAHUN U BBINOJHEHHBIX paboT Ha
CKBaXMHaX, B TOM 4YHCJIE TMOATBEPXJEHAa KOPPEKTHOCTh METOAWYECKUX IMOAXOAOB IIpHU IIPOBEAECHUU I/ICCJ'[e}IOBaHl/Iﬁ
CaMOOTKJIOHAIOIMXCA KACTIOTHBIX CUCTEM C YYeTOM (paKTHUeCKH MOJIyYeHHBIX Pe3y/IbTaTOB Ha CKBaKUHAX.

OnucaHbl pe3yJsIbTaThl JJAGOPATOPHBIX UCCJIEOBAHUI CAMOOTKJIOHAIONINXCA KMCJIOTHBIX COCTaBOB B «CBOOOJHOM OObeMe» U Ha
KEpHOBOM MaTepualie, IIpoaHaJIM3MPOBAaHO HCIIBITAHME KHCJIOTHBIX COCTAaBOB HA YETHIPEX CKBaXXMHaX, B TOM YMCJI€ pe3yJibTaThbl
NIOTOKOMETPUYECKUX UCCIIeJOBaHMI JI0 U Nocjie 06paboTKuU.

AnHanus pa60T ToKasaJi, 4To I1I0 pe3dyJjibTaTaM [IOTOKOMETPUYECKUX HCCJ‘IeL[OBaHPIl?I, IIPOBEICHHBIX B CKBaXXWHAaX, 3a¢)1/n<cupona1—lo
nepepacripe/ieJieHrie npoouisa MPUTOKa, YTO TaKXe OTMeYasioch Ha 3rane (GUIIBTPAIMIOHHBIX HCCIIEOBaHWH Ha JIBYXCJIOHHBIX
Pa3HONPOHUIIAEMBIX MOAeJAX. [lepcrieKTHBHOM 06JIACTbI0 NMPUMEHEHHs CAMOTKJIOHAIMIUXCA KHCIOTHBIX COCTABOB ABJIAKTCA
CKBaXXVHbI C HE ITOAKJIIYEHHBIMU B pa3pa60'r1<y VHTEepBaJlaM [Py HaJINYMK KOHTpacTa IMPOHULIAE€MOCTH, B TOM 4YHCJIE€ IIOCJIe
OCyIIeCTBJIEHUA CTaHAApPTHHIX KHUCJIOTHBIX 00paboTok. Heo6xoAuMoO WHCHBITAaHUE TEXHOJIOTUU Ha OOBeKTaxXx C HeOOJBLION
MOIIHOCTBIO IUIACTA C ILeJIbl0 OOecredeHHs OOJIBLIETO YHEJIbHOTO pPacXofa peareHTOB C YYeTOM BBICOKOH CTOMMOCTH
CaMOTKJIOHAIOIUXCS KUCTIOTHBIX COCTaBOB.
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Introduction

Yearly deterioration of the reserves' structure, growing
watercut of the recovered product requires the
improvement of the oil mining intensification technologies.
One of such technologies is the self-diverting acid
compositions (SDAC) for the carbonate-type rocks. The
technology principle is based on the compositions' ability
to produce gel that diverts the following composition
portions into less permeable areas as they react with the
reservoir rock. This is how sap-rot channel network is
created for better volume treatment. At the same time, the
composition viscosity reduces to the initial value and
below as the acid gets fully neutralized [1, 2].

Laboratory Test Results

In order to confirm the stated properties of the reagent
[3], laboratory tests were carried out. There are various
approaches to modelling self-diverting systems in the
laboratory medium [4]; this study presents a standard set of
test in "free volume', filtration tests made on single core
samples, as well as filtration tests on two-layer multi-
permeable models. Geological and physical properties of the
test subject:

— oil viscosity in the formations — 20 mPas;

— formation temperature — 27 °C;

— gas permeability range:

— group 1 (low-permeability sublayer) — 0.01-0.035 um?

— group 2 (high-permeability sublayer) — 0.035-0.069 um?.

To confirm the stated properties, viscosity changes were
measured progressively as the self-diverting composition was
depleting (Fig. 1).

The laboratory test results confirmed the self-diverting
composition's viscosity-gaining capacity in the reaction
with a carbonate rock; after the acid consumption, the
composition viscosity reduced by four times compared with
the initial value. This acid system behavior yields a
conclusion on the possibility of the composition's
temporary colmation of the most permeable interval for
the re-distribution of the next portion of the acid
composition into the low-permeability part of the reservoir
without leaving any remnant colmation of the formation.

Generally, the "free volume" tests of the acid and self-
diverting compositions allowed the following conclusions:

— both reagents are compatible with the formation water
and oil of the test subject;

— the use of acid composition slows down the reaction
with the carbonate rock compared with the hydrochloric acid
of the same concentration; the slow down degree for various
core materials varies from 0.5 to 0.66 units;

— when neutralized with the core material, the self-
diverting composition satisfies the claimed properties: its
viscosity gradually increases to the exhaustion degree 60-70 %,
then the system viscosity rapidly falls and at the 100 %
exhaustion gets below 10 mPasec, which is less than the
initial SDAC viscosity by approximately four times.

The filtration test for the determination of the
permeability value and modelling of the SDAC effect and the
acid composition impact was carried out on the PIK-OFP unit.
A core sample was settled in the core holder with a lateral
hydroclamp to prevent filtration along the lateral surface of
the sample.

At the first stage of the filtration stage, the effect made by
SDAC and the acid composition on the reservoir rock matrix was
studied (100 % water saturated core samples).

Filtration test procedure:

— determination of permeability before the acid composition
injection;

— modelling the acid composition injection process;

— acid composition filtration through the core sample in the
"well — reservoir’ direction at the injection rate of 1 cm®/min
before the "breakthrough", i.e. the moment of formation of a high-
permeability canal with simultaneous rapid injection pressure
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Fig. 1. SDAC viscosity dynamics at the reaction with the core
material under the given formation temperature

drop. Recording the amount of the acid composition injected
before the breakthrough;

— the acid composition maturing in the pore space is not
foreseen (according to the technology authors);

— determination of permeability after the acid composition
injection: filtration of the reservoir fluid through the core sample
in the "reservoir — well" direction until the normalization of the
system pressure (at not less than 3 1/,,.) followed by permeability
measurement;

Kest = [germz/ ]germl’ (1)

where K, is the permeability restitution factor, units; K, is the
permeability factor before acid injection, pm?* K .., is the
permeability factor after acid injection, um?

The filtration tests brought the following results:

1. For the group of gas permeability from 0.01 to 0.035 um?,
the water permeability restitution factor constituted:

— for SADC: 118.42 — 180 units;

— for acid composition: 60.53-135.42 units.

2. For the group of gas permeability from 0.035 to 0.07 um?,
the water permeability restitution factor constituted:

— for SADC: 33.72-69,60 units;

— for acid composition: 26.58-28.08 units.

In the acid composition filtration process, we see a
continuous growth of the injection pressure to the moment of
"breakthrough" (abrupt pressure drop) followed by the formation
of a high-permeability canal.

At the second stage of the filtration test, the SADC and
acid composition effect on the oil permeability of the core
samples (oil saturated core samples with residual water
saturation) was studied. The test procedure is the same as
at the previous stage.

The filtration tests brought the following results:

1. For the group of gas permeability from 0.01 to 0.035 um?,
the oil permeability restoration factor constituted:

— for SADC: 171,07-173,13 units;

— for acid composition: 136.29-170.73 units.

2. For the group of gas permeability from 0.035 to 0.07 um?,
the water permeability restitution factor constituted:

— for SADC: 46.34-47.01 units;

— for acid composition: 37.68-40.00 units.

Same as at the first stage, in the acid composition
filtration process, we see a continuous growth of the injection
pressure to the moment of "breakthrough" followed by the
formation of a high-permeability canal. Based on the results
analysis, it can be stated that the "breakthrough" of the oil
saturated core samples requires approximately 30 % less
SADC pore volume injection than acid composition.

At the third stage of the filtration test, the efficiency of the
acid treatment technology was assessed in an uneven
reservoir based on two-layered core models of different
permeability, consisting of core samples with a preserved
diameter. The uneven reservoir model consists of two parallel
core models with one input for fluids and reagents to model
the low-permeablity and high-permeability sublayers.

Filtration test procedure:

A. Oil permeability determination before reagent
injection: filtration of the reservoir oil model through the oil-
saturated uneven core model with residual water saturation in

HEAPOMOJIb3OBAHUE
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the "reservoir — well" direction to the stabilization of the
system pressure (in the volume not less than 3 1/,) with
further oil permeability determination in the following order:

1) on a core model to simulate a low-permeability sublayer;

2) on a core model to simulate a high-permeability sublayer;

3) for an uneven model in general.

Permeability determination for an uneven reservoir model
requires a selection of an injection rate that provides the fluid
filtration through the high-permeability model of 10 cm®/min.

B. Reagent injection modelling.

The reagents are injected into an uneven core model in the
"well - reservoir" direction stage by stage:

1) SADC injection at the rate selected at the permeability
determination stage at the amount of 0.3 V,,, of a high-
permeability model or 0.1 V,,. of a low-permeability model
(whichever is earlier);

3) acid composition injection at the rate selected at the
permeability determination stage before the "breakthrough',
moment of formation of a high-permeability canal and an abrupt
fall of the injection pressure;

3) acid composition and SADC maturing in the pore space
is not foreseen (according to the technology authors).

C. Oil permeability determination after reagent injection:
filtration of the reservoir oil model through an uneven core model
in the "reservoir — well" direction to the stabilization of the system
pressure (in the volume not less than 3 V) with further oil
permeability determination in the following order:

1) on a core model to simulate a low-permeability sublayer;

2) on a core model to simulate a high-permeability
sublayer;

3) for an uneven model in general.

D. Photograph of the core end surfaces after reagent
injection.

E. Determination of the permeability restitution factor for
the reservoir oil model, for the low-, high-permeability and
uneven core models separately.

The test results are presented in Table 1.

Industrial Test Results

There is an extensive experience of acid treatment with
SADC [1, 5-45]. This paper analyzes the experience of works
in the Timano-Pechorskaya oil and gas province fields. The
technology has been tested on four wells; the bottomhole
technological process foresaw the following stages:

1) injection of an acid composition at the volume of the
pumping and compression pipes with an uninstalled packer;

2) packer installation;

3) SADC injection;

4) injection of the remaining acid composition volume;

5) pressing the acid composition with technical water at
the pumping and compression pipes' volume + 1.5 m®.

The main technological parameters of the bottomhole zone
(BHZ) treatment are presented in Table 2.

The injection schedule of well 1 has been analyzed: the
injection pressure rose only at the pressing stage,
approximately 100 minutes after the SADC input into the
reservoir. This pressure drop type may be related to the low
speed of the SADC and rock reaction, as a result of which
the SADC viscosity rate was gained slower. Moreover, the
mineral compositions of the rocks were analyzed; the core
samples from the site were taken from one well only.
According to the core samples' mineral composition studies,
the permeable intervals of the productive reservoir are
almost completely made up of dolomite (Fig. 2), which
explains the low speed of the SADC reaction with the rock,
and, therefore, low viscosity rate growth.

The inflow profile studies before and after the bottomhole
treatment were only carried out in wells No. 2 and 4 (Fig. 3).
According to the completed studies, before the bottomhole
treatment, in well No. 2 the main fluid inflow (87 %) was coming
from the lower part of the perforation interval below 1346.7 m.
After the bottomhole operation, 100 % of the inflow falls on that
interval alone. However, the involvement of the interval of

= Calcite = Dolomite ~ Insoluble residue
0%  20% 40% 60%  80% 100%

Fig. 2. Mineral rock composition according to the core analysis
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Fig. 3. Inflow profiles before and after bottomhole
operations in well 2 (a) and 4 (b)
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well intervention
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Table 1
Results of the technology tests on two-layered uneven models
oil Acid Prax
Core permeability before = Reagent injection SADC injection ) ax composition at ac1.d. oil permea}bl.hty. K.
SO 3, . volume, injection composition after reagent injection s
sample reagent injection, rate, cm’/min 3 at SADC, MPa L 5 units
X m? cm®( V) volume, injection, Krmo» W
perm1> M. cm?® (V) MPa
Uneven model 1
1 0.0024 3.1 (0.074) 96 (2.30) 0.8557 361.25
2 0.0121 12.0 15.5 (0.300) 0.52 94 (1.82) 1.42 0.5704 46.99
Model No. 1 0.0073 - - 0.7131 98.30
Uneven model No. 2
3 0.0050 4.8 (0.102) 67 (1.42) 0.6484 129.84
4 0.0094 15.4 10.2 (0.178) 0.74 113 (1.97) 1.26 0.8645 92.21
Model No. 2 0.0072 - - 0.7565 105.29
Table 2
Main technological parameters of the bottomhole zone treatment
Well No Volume of acid Volume of Specific acid consumption per one SADC to acid volume ratio, Maximum
’ composition, m® SADC, m® meter of perforated thickness®/m unit fractions injection pressure, MPa
1 25 10 4.6 0.40 1.8
2 17 8 0.9 0.47 5.0
3 12 5.5 0.5 0.46 0.0
4 22.5 9.5 4.4 0.37 3.0
Table 3
Technological efficiency of the bottomhole treatment
Well operation mode 0il production
Well No. before well intervention after well intervention increment,
Q,, tonnes/day Q.4 m?/day water % Q,,, tonnes/day  Qy.q, m?/day water % tonnes/day
1 2.6 4.9 40 3.6 9.0 25 1.0
2 1.1 2.0 38 3.8 24.4 80 2.7
3 1.5 2.0 16 3.9 7.6 28 2.4
4 1.5 3.0 43 5.4 9.3 31 3.9

N o te: well intervention — hydrotechnical operations.

1352.9-1355.4 m is also noted, together with the decreasing
inflow share of the interval 1346.7-1352.7 m from 53 to
40 %. The absence of inflow from the upper part of the
reservoir after the bottomhole treatment may be related to the
lower depression of the reservoir during the research (after
swabbing — 250 m, during the research, before bottomhole
treatment — 969 m). Besides, the upper part of the reservoir
could not be exposed to the acid effect during the bottomhole
treatment due to the low specific SADC consumption and the
low-acid content per one meter of perforated reservoir
thickness, or due to the high contrast of permeability and pore
pressure compared to the bottom part of the reservoir.

According to the completed studies, before the bottomhole
treatment, in well No. 4 the main fluid inflow (84 %) was
coming from the lower part of the perforation interval below
1373.3 m. After the bottomhole treatment, the involvement of
the interval 1371-1373.3 m was noted. The work of the
interval 1368-1370.8 m which used to produce 16 % of the
inflow is not seen, which may be explained by the lower
depression of the reservoir during the research (after
swabbing — 608 m, during the research, before bottomhole
treatment — 956 m). This way, in this well, just like in well
No. 2, in a lower depression of the reservoir, a new interval
got involved in the work, but the most productive interval
inflow share did not decrease.

Thus, the flow measurement before/after the bottomhole
treatment, the SADC diverting effect discovered at the
filtration test stage on the uneven two-layer reservoir models,
has proven itself in the well conditions.

Table 3 presents the technological efficiency of the
bottomhole treatment operations.

The average oil net pay increment constituted 2.5 tonnes/day;
the greatest oil net pay increment (3.9 tonnes/day) was achieved
in well No.4; it also showed the highest specific increment

per one meter of the perforated reservoir thickness
(0.49 tonnes/(day'm)). At that, exclusive of well No.1, there is a
tendency of the specific oil pay increment growth caused by the
specific acid consumption: in wells No. 2 and 3, the specific acid
consumption was 6.3 times less than in well No. 4, and the
specific oil pay increment was 6.1 times less (Fig. 4, a).

At the same time, in the wells with the flow measurement
completed before well intervention, a direct dependence of
their efficiency on the specific acid consumption was
noticed (Fig. 4, b).

Conclusion

1. During the works carried out on all wells except for
well No. 3, the injection process was accompanied by the well
head pressure growth, which may indirectly indicate the
SADC diverting effect.

2. The mineral composition studies prove the high dolomite
content in the productive reservoir section; therefore, due to the
low SADC and rock reaction rate, the diverting effect may
manifest with a delay. Technology trial on a site with lower
dolomite content in the wells is recommended.

3. The flow measurement carried out in the wells No. 2
and 4 showed the inflow profile redistribution, which was also
found at the stage of filtration studies on two-layer multi-
permeable models.

4. The promising areas for applying self-diverting acid are
wells with intervals not connected to development in the
presence of permeability contrast, including after standard
acid treatments.

5. It is necessary to test the technology on objects with a
small formation thickness to ensure a higher specific reagent
consumption, taking into account the high cost of self-
diverting acids.
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