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RESUMO

O periodo atual de producgéao de petroleo é caracterizado pela deterioragdo da estrutura das reservas de
petréleo devido ao alto corte de agua do produto e baixas taxas de producao de petréleo. Para reduzir o aumento
do corte de agua, sao geralmente realizados trabalhos de reparo e isolamento. Isso implica na injecéo de
sistemas de polimeros reticulados ou o tratamento da zona de formacao de fundo de pogo com sistemas de
polimero-gel. Esse problema é especialmente relevante para reservatodrios fraturados, que geralmente séo
representados por rochas carbonaticas. Este artigo € dedicado ao estudo da dependéncia das propriedades
reolégicas das composicdes formadoras de gel na abertura de fissuras em reservatérios de carbonato. A
relevancia do trabalho se baseia no rapido envolvimento no desenvolvimento de campos de petréleo com
reservatoérios de carbonato, o que é complicado por um grande ndmero de trincas de varios tamanhos. Foram
descritos os tipos de reservatérios fraturados, as caracteristicas de desenvolvimento de cada tipo e as
complicagbes na producdo de hidrocarbonetos a partir da estrutura de poros fraturados do reservatério. A
pesquisa também apontou métodos e tecnologias para limitar o fluxo de agua em fendas ou poros de alta
permeabilidade. As propriedades reolégicas dos fluidos ao se mover dentro de poros e rachaduras foram
relatadas. Foi apresentada a dependéncia de altera¢des nas propriedades reoldgicas da composicéo para limitar
o influxo de agua a base de carboximetilcelulose no tamanho de poros, cavernas e trincas. A fisica do movimento
e formacéo de gel dentro dos reservatérios fraturados, que permitird prever mudancas no tempo de formacéo do
gel e na resisténcia plastica de cada objeto individualmente, foi reportada. De acordo com este estudo, é possivel
usar os recursos das propriedades reolégicas das composi¢des formadoras de gel para aumentar a eficiéncia do
uso de tecnologias de impermeabilizagdo na produgéo de pogos ou alinhar o perfil de injetividade dos pogos de
injecao.

Palavras-chave: obras de acabamento e isolamento, composigao gelificante, propriedades reolégicas, limitagdo
da entrada de agua, revisgo geral de pocos.

ABSTRACT

The current period of oil production is characterized by the deterioration of the structure of oil reserves
because of high water cut of the product and low oil production rates. To reduce the increased water cut, repair
and insulation works are often performed. This implies in the injection of cross-linked polymer systems or the
treatment of the bottom hole formation zone with polymer-gel systems. This problem is especially relevant for
fractured reservoirs, which are often represented by carbonate rocks. This article is devoted to the study of the
dependence of the rheological properties of gel-forming compositions on the crack opening in carbonate
reservoirs. The relevance of the work relies on the rapid involvement in the development of oil fields with carbonate
reservoirs which is complicated by a large number of cracks of various sizes. The types of fractured reservoirs,
the development features of each type, as well as complications in the hydrocarbon production from the fractured-
pore structure of the reservoir were described. The research also pointed methods and technologies for limiting
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water flow in cracks or pores of high permeability. The rheological properties of fluids when moving inside pores
and cracks were reported. The dependence of changes in the rheological properties of the composition for limiting
water inflow based on carboxymethylcellulose on the size of pores, caverns and cracks were presented. The
physics of movement and formation of gel inside the fractured reservoirs, which will allow predicting changes in
the gel formation time and plastic strength for each object individually was described. According to this study, it is
possible to use the features of the rheological properties of gel-forming compositions to increase the efficiency of
the use of water-proofing technologies for producing wells, or to align the injectivity profile of injection wells.

Keywords: workover and insulation works, gelling composition, rheological properties, limitation of water inflow,
overhaul of wells.

AHHOTALUA

Texkywun nepuog [oOblun HedTN XapakTepusyeTcs yxyAlleHWeMm CTPYKTypbl 3anacoB HedTWM u3-3a
BbICOKOW OOBOAHEHHOCTU MNpOAyKTa W HU3KMX TeMnoB Ao6blMm HedTW. [ns yMeHblUeHWS MOBbILLEHHOW
06BOOHEHHOCTN 4acTO MPOBOAATCA  BOAOU3ONAUMOHHbIE PpaboTbl. OTO MoApasyMeBaeT 3akauky CLUMTbIX
NONUMEPHBIX CUCTEM MK 06paboTky Npu3abonNHON 30HbI NOMMMEPHO-reneBbiMM cuctemamu. dTa npobnema
ocobeHHO akTyanbHa Ans TpewuHOBaTbiX KOMEKTOPOB, KOTOPble 4acTo npeacTaBfieHbl KapboHaTHbIMM
nopogamu. [laHHasi cTaTbs NOCBSLLEHA W3YYEeHWIO 3aBMCMMOCTM PEOSIorMYecKMX CBOWCTB reneobpasyoLumx
KOMNO3WLMN OT PacKpbITUS TPeLuMHbl B KapboHaTHbIX Kommektopax. AKTyanbHOCTb paboTbl 3aknioyaeTcs B
ObICTPOM pocTe pa3paboTknm HEPTAHBIX MECTOPOXAEHUA C KapOOHATHLIMU KOMMEKTOPaMM, YTO OCIOXHSEeTCS
BonbWNM KOMMYECTBOM TPELUH pasnnyHoro pasMepa. B gaHHow paboTe onucaHbl Tunbl TPELMHOBAaTbIX
KONneKkTopoB, 0cOBeHHOCTN pa3paboTku Kaxaoro Tuna, a Takke CrOXHOCTU Mpu Aobblve yrneBodopoaoB U3
TPELLMHHO-MOPOBON CTPYKTYpPbI NniacTa. ViccrnegoBaHue Takke ykasano MeToAbl U TEXHONOrMnN AN orpaHnyeHns
MOTOKa BOAbI B TPELLMHAX UM NOPax C BbICOKOW MPOHULLAEMOCTLI0. ABTOpaMu onucaHbl peoniormyeckme CBoMCTBa
XKMAKOCTEW NpW ABWKEHUU BHYTPW Mop u TpewuH. [NpeactaBneHa 3aBUCMMOCTb U3MEHEHWUSI PEOSTOTMYECKNX
CBOWCTB COCTaBOB [Afsi OrpaHU4eHusi BOJOMNPUTOKa Ha OCHOBE KapOGOKCMMETMNUEeNonossl OT pasMepa nop,
kaBepH 1 TpewmH. OnncaHa usmka ABMXEeHNS n obpasoBaHNsa rens BHYTPW TpeLMHOBaTLIX pe3epByapoB, YTo
MO3BONWT MPOrHO3MPOBaTb U3MEHEHNS BPEMEHN 0BpasoBaHWsA rensd U NnacTUYecKkon NPOYHOCTU AN Kaxdoro
obbekTa B oTAenbHOCTU. CornmacHo aTOMy MCCeA0BaHMI0, MOXHO UCNOMb30BaTb OCOBEHHOCTN PEonormMiyeckmx
CBOWICTB reneobpasyroLimx KOMNOo3nLMn Ans NOBbILWEHUs 3PPHEKTUBHOCTN UCMOMNb30BaHNS BOAOU3OMNSALNOHHBIX
TexXHonormn npu obbidye HedTV M3 OOOLIBAIOWMX CKBaXWH UMW ANS BblpaBHMBAHWSA NPOMUNS NMPUEMUCTOCTM
HarHeTaTenbHbIX CKBaXWH.

KnioyeBble cnoBa: pemMOHMHO-U30MAUUOHHbIE pabombl, 2eneobpasyowull cocmas, peosioeuyecKue
ceolicmea, ogpaHu4eHue 8000rpumMoka, KanumarbHbIl PEMOHM CK8AXUH.

1. INTRODUCTION: reserves can be concentrated in a matrix with
relatively low permeability (Nazriet al., 2018).

The current period of oil production is
characterized by the deterioration of the structure
of oil reserves, the addition of heterogeneous
reservoirs to the development, and the sharp
transition of the leading production sites to the final
development stage, which is characterized by high
water cut of the product and low oil production
rates. To reduce the increased water cut, repair
and insulation works are often performed. Such an
approach implies the injection of cross-linked
polymer systems, or the treatment of the

bottomhole formation zone with polymer-gel .\ emous porous, cavernous, fissured-porous,

systems (Nikitin and Petuhov 2011;Strizhnev, g\ red-cavernous,  fissured-cavernous-porous
2010, Petkovicet a/., 2019) (RajSS 2012)

Fracturing of rocks depending on the
measurement methods is characterized by:
intensity (total width of crack opening per unit
length of the well, mm / m); specific water
absorption (water absorption by the massif per unit
length of the well and unit of hydrostatic head per
unit time, | /' s « m2); rheometric permeability (drop
in air pressure when it spreads in the well per unit
length per unit time, Pa / m < s) and other
parameters. Depending on the presence of cracks
and caverns, the collectors are divided intoporous,

This problem is especially relevant for However, most experts (Rajss, 2012
fractured reservoirs, which are often represented .. 2013: Yémelyanovet al. 2018 a t;') dwell
by ~carbonate rocks. Owing to their high . 4he givision of reservoirs into fractured-pore

conductivity, fractures in such oil and gas ..y fractured-non-porous. In fractured-porous
reservoirs are, as a rule, the main ways of filtering . oseryoirs. oil is located inside the blocks of the
formation fluids, while the majority of hydrocarbon porous medium, and cracks play the role of
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connecting channels through which filtration is
carried out. The fractured-non-porous blocks are
impermeable and do not contain hydrocarbons; oil
is concentrated in a system of connected caverns,
through which filtration is carried out.

To generalize and typify the geological and
physical characteristics of the reservoir, it is
necessary to classify carbonate reservoirs. There
are several types of division of carbonate
reservoirs:

1. According to the Viktorin V.D. — by collector
productivity and its composition (Hanin,
2013);

2. according to Amelin |.D. — by the size of
cracks (Gol'f-Raht, 1986);

3. according to Chernitsky A.V. — by the ratio
of reserves in the media (Ibatullin, 2011);

4. according to R. Nelson - according to the
ratio of reserves in media and the share of
their participation in filtration (foreign
classification) (Blazhevichet al., 1999).

The main ones are the first and fourth type
of classification. The first type is based on the
dividing of rocks according to the predominant
type of fluid-containing and conductive systems.
Viktorin V.D. divided the collectors into high,
medium, low and potentially productive, assigned
a certain type to each group and assigned them
boundary values of porosity and permeability
(Hanin, 2013). For example, the low-permeability
group is composed of fractured-pore and
fractured-cavernous rocks with permeability from
1 to 10 mD, open porosity of 4-8% and oll
saturation from 57 to 74%.

According to the Nelson classification,
collectors are divided into 4 types depending on
the increase or decrease in the effect of cracks. In
the first type, the effect of cracks is maximum,
therefore, the main reserves are confined to
cracks, the matrix of the reservoir has low porosity
and permeability. In this type, productivity is
associated only with cracks. In the second type,
the main reserves are contained in the matrix,
cracks provide the main productivity. The matrix of
the reservoir has low permeability, but can have
both low, medium and, in rare cases, high porosity.
In the third type, the matrix of the reservoir
contains the main oil reserves, has high
permeability and porosity, and cracks complement
the matrix permeability. In the latter type, cracks
do not contribute to the permeability and porosity
of the matrix of the formation but introduce
anisotropy into the formation. In this type,
productivity is directly dependent on the reservoir

matrix.

Further, depending on what type of
reservoir the developed reservoir belongs to,
mechanisms of oil displacement from reservoirs
are selected. According to Golf-Rakht(Gol'f-Raht,
1986), the following mechanisms of oil
displacement from the matrix are distinguished
elastic mode, capillary impregnation, gravity
drainage of oil by water, horizontal (displacement
due to differential pressure) (Susantiet al., 2018).

When oil is displaced from fractured-
porous reservoirs, gravitational drainage of oil by
water predominates, and piston displacement
occurs in fracture systems. In a pore structure, the
process of oil displacement by water or gas is
based on the combined action of gravitational and
capillary forces. However, the predominance of
certain forces largely depends on the nature of the
wettability of the rock (Suryonoet al., 2019;
Polyakovaet al., 2019):

In hydrophilic reservoirs, water, as a rule,
quietly passes into blocks, as a result of which
gravitational forces prevail over capillary forces,
and as a result, water displaces oil from the pores
(Vogrinec andPremrov, 2018).

In hydrophobic reservoirs, due to the action
of capillary forces, water cannot penetrate into the
blocks, and displacement is possible only if the
gravitational force overcomes the resistance of
capillary pressure (inlet pressure). The smaller the
pore size, the higher the pressure at which water
enters the unit. Therefore, it is extremely difficult to
displace oil from a hydrophobic, highly fractured
reservoir. Experience in the development of
deposits with carbonate reservoirs shows that the
matrix of the rock due to the hydrophobicity of
carbonate rocks is blocked by the displacement
agent, and at the same time, production rates in
the area with a reservoir pressure maintenance
system are sharply worsened (Neizvestnayaet al.,
2018).

The main problem with this displacement is
the high pressure gradients that lead to an
increase in the filtration rate to values higher than
critical in the near-wellbore zone, which
contributes to the premature breakthrough of the
underlying water into the wells and, thereby, the
capillary impregnation process is disrupted, which
is the most effective method of displacing oil from
porous blocks (Hermawanet al., 2019;Zakkiet al.,
2019).

For fractured reservoirs when developing
oil deposits by water flooding, breakthroughs of
injected or formation water through a system of
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fractures to producing wells are characteristic.
Herewith, oil is displaced from them very
efficiently, and the coefficient can reach significant
values:

0.8-0.85. Experience shows that oil is also
displaced from the matrix of fractured-pore
reservoirs, however, the displacement coefficient
is relatively low — it does not exceed 0.3 even for
hydrophilic reservoirs. Oil displacement from
fractured reservoirs occurs under the influence of
two most important factors.Thefirst one is transient
pressure gradients in the matrix-fracture
system.Thesecond one isthe process of capillary
impregnation. In this case, capillary impregnation
itself occurs extremely slowly (Balakinet al., 1988;
Strizhnevet al., 2006; Surguchevet al., 1997).

So, this research is aimed at studying the
movement and formation of a stable gel depending
on the size of the pore space of the carbonate
reservoir.

2. MATERIALS AND METHODS:

One of the most important problems in
recent decades has been the restriction of water
inflow into wells draining a fractured formation, as
well as the isolation of a highly conductive single
fracture, which connects a production well with an
injection well or aquifer. Instant watering of the
recovered fluid occurs as a result of the
breakthrough of formation and injection waters
through highly permeable reservoirs and fractures.
Under these conditions, an important task is to
restrain water drainage in the highly permeable
part and fractures of the reservoir. One of the main
methods in the middle of the last century was
polymer flooding. This method, due to the property
of polymers to increase the viscosity of water,
helps to reduce the ratio of the mobility of water
and oil, thereby removing the possibility of a
breakthrough of water due to heterogeneity of the
reservoir. For this operation, it is necessary to
pump a significant amount of the composition into
the reservoir, therefore this method did not
become widespread in water inflow limitation. In
view of this factor, technologies with the use of
low-volume injections (rims), which lead to the
creation of a water-proof screen in the bottom-hole
zone of production wells, have gained popularity in
reducing the movement of water through cracks
and highly permeable layers. For measures to limit
water inflow through injection wells, cheaper and
more affordable reagents are used (Vlasovet al.,
1988; Nikitin2012; Petrovet al., 1995).

However, the behavior of polymer-gel
system under reservoir conditions has been poorly

studied, since until recently it was impossible to
conduct experiments under conditions close to
reservoir conditions. The advent of modern
rotational viscometers allows to simulate the
movement of the gel in cracks by adjusting the gap
in the measuring system (for example, “plate-
plate”).

In order to study the behavior of polymer
systems in cracks of various openings, a
laboratory was conducted to determine the
dependence of the rheological properties of
polymers on the probable opening of an insulated
crack in a laboratory for increasing oil recovery at
the Mining University.

Two samples of polymer-gel systems with
an assumed different viscosity were taken. To
prepare the gelling composition Ne 1, the following
reagents were mixed: a carboxymethyl cellulose
polymer, a chromium acetate crosslinker and a
copper sulfate catalyst (thickener). All the
components are environmentally friendly and
harmless. This composition is recommended
when limiting water inflow in cracks. To reduce the
movement of water in highly permeable
interlayers, a gel-forming composition is proposed,
consisting of carboxymethyl cellulose polymer,
chromium acetate and sodium acetate, which
significantly reduces the viscosity of the
composition after preparation but during gelation it
does not reduce the strength characteristics of the
composition.

An Anton Paar MCR 102 rheometer was
used, which is highly accurate in studying the
properties of various liquids. The device is
described in detail in papers (Roshchin, 2014). At
this device, it is possible to change the gap in the
plate-plate system to simulate the flow of fluid in a
crack with an openness of up to 1 mm. In this case,
this option was used to study the behavior of the
gel-forming composition in the fractures of the
formation of different openness.

The experiment was carried out as follows:
a sample of a gel-forming composition was placed
on the plate with a dispenser, then a certain gap
and a formation temperature of 25 °C were
established. After that, within 2 minutes, the shear
rate linearly increased from 0 to 100 s, simulating
the movement of the gel along the crack. During
the experiment with gel samples Ne 1 and Ne 2, the
following gaps were established: 1; 0.8; 0.6 and
0.5 mm.

3. RESULTS AND DISCUSSION:

Figure 1 shows graphs of the dependence
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of the shear stress of gel Ne1 on time with an 4. CONCLUSIONS:

increase in shear rate from 0 to 100 s™'. The graph
shows the influence of the established gap on the
rheological properties of the gelling composition.
This can be explained as follows: firstly, the effect
on the gel-forming composition occurs with
different masses, changing with a change in the
gap. For example, the mass of the gel enclosed in
the space between the fixed plate and the rotor
plate in the gap of 0.5 mm will be less than the
mass of the gel in the gap of 1 mm. Therefore, the
transfer of mechanical energy from a viscometer
to a gel sample will occur in the same way,
however, the ratio of the transferred energy to the
mass of the sample will vary significantly.

Reducing the gap from 1 mm to 0.5 mm
doubles the energy transferred to the unit mass of
the gel used for the experiment. Secondly, at the
indicated shear rates, the conversion of
mechanical energy into heat is likely, which allows
the creation of additional chemical bonds in the
gel-forming composition. It is due to such effects
that it is possible to substantiate an additional
parameter of the selectivity of the composition,
which manifests itself in gel strengthening in small
cracks and pores, and its further movement along
large highly permeable channels, which allows the
gel-forming composition to penetrate as deep as
possible into the treated area of the reservoir and
isolate large highly permeable channels. Due to
this, some reagent savings are possible, since it is
mainly large cracks that are filtration channels for
water that will be insulated.

Also, by the method described above, a
less viscous gelling composition Ne 2 was
investigated. Figure 2 shows the dependence of
shear stress on the time of gel-forming
composition Ne 2 with a gradual linear increase in
shear rate. This graph shows that the addition of
sodium acetate to the gel No. 1, consisting of a
polymer CMC-500 and a crosslayer of chromium
acetate, reduces the viscosity of the composition,
without violating the strength characteristics and
the dependence of the gel formation time on the
opening of cracks.

The smaller difference between the values
of the effective viscosity (shear stress) for different
crack openings is explained by the fact that the
conversion of mechanical energy to thermal
energy will first be directed to increase the
viscosity in the pore space and then to create
additional chemical bonds in the gel-forming
composition.

(54}

7.

1. The dependence of the rheological
properties of the gel-forming compositions
on the crack opening during modeling of
their flow on a rotational viscometer was
established. Wherein, phenomena have
been identified that can play a positive role
in the operation of waterproofing work in
wells that have uncovered oil or gas
formations.

2. It was found that the addition of sodium

acetate to the gel-forming composition
based on a polymer of
carboxymethylcellulose and a crosslinking
of chromium acetate reduces the initial
viscosity of the initial composition, without
violating the dependence of gel formation
in pores of various sizes, which allows for
selective injection of the gel-forming
composition into cracks.

3. The dependence of rheological properties,

gel-forming formulations of opening the
crack allows us to offer the highest quality
gel-forming composition to improve the
effective use of waterproofing technology
or alignment profile injectivity of injection
wells.
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Figure 1. Dependence of the shear stress on time of gelling composition Ne 1 with a linear increase in
shear rate from 0 to 100 s™

I
140 ! S
S
120 /61
//
£ 100 = ==
2] —
£ 80
w
=
S 60
=
wnn
40 /
20 ‘
0
0 10 20 30 40 50 60 70 80 90 100 110 120
Time, s
—0[5 —016 —0'8 1

Figure 2. Dependence of the shear stress on time of gelling composition Ne 2 with a linear increase in
shear rate from 0 to 100 s’
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