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Abstract: Uncontrolled inflow of formation fluid (brine) into a well adversely affects the cation—
anion bonds in solutions and leads to their dissociation and loss of aggregative stability. Blow-out
significantly complicates the drilling process and leads to an increase in non-productive time and
in financial costs for problem solving. It is necessary to create a blocking screen that allows separa-
tion of the layer from the well and prevents brine flow. This article is devoted to the development
of polymeric-blocking compositions that work due to the crystallization reaction of divalent salts of
calcium and magnesium chlorides. More than 14 components were detected in the formation fluid
on the atomic emission spectrometer. Based on the study of the compatibility of components with
brine and the study of rheology and filtration processes through a real core under HPHT conditions,
the optimal component polymer composition was selected. The reason for the increase in the rheol-
ogy of composition during its thickening was established. With the help of tomographic studies, the
depth of penetration of the filtrate into the core of layers was determined. For further studies, an
experimental stand was designed for physical simulation of the isolation process under HPHT con-
ditions and backpressure from the formation.

Keywords: formation isolation; polysalt aggression; polymer systems; elimination of complications;
blowout; drilling wells; cross-linked polymers

1. Introduction

The drilling of exploration and production wells at a number of fields in the world
and Russia, in particular in Eastern Siberia, is complicated by the presence of brine blow-
out and absorbing horizons.

Abnormally high pressures of high salinity formations (AHFP) with alternating ab-
sorption intervals do not allow accident-free drilling of wells. Often, in such objects with
AHFP, the reservoir pressure value greatly exceeds the reservoir pressure gradient corre-
sponding to the section of deposits in conditions of salt deposits and is almost always
comparable to the rock pressure value [1]. Drilling of objects with AHFP is timed to the
opening of formations saturated with highly mineralized reservoir fluid. In addition to
this, there is the problem of penetrating unknown intersalt formations with an anomaly
coefficient from 2.35 t0 2.65 [1]. As a result, the drilling process is complicated by frequent
stops and overflows of highly mineralized formation water (brine), which necessitates the
organization of additional measures for its utilization and preservation of environmental
safety [2].

The cost of eliminating complications and carrying out repair and isolation works
averages from $ 200,000 to $ 400,000 per well, and for gas wells, they range from 2.5% of
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the total cost of gas production [3]. If all the wells in the field are taken into account, the
costs become huge.

The choice of technology for the elimination of brine blowout depends on the genesis
of brine and the characteristics of its occurrence in the chemogenic reservoir rock [4].
Therefore, consideration of the issue of the genesis of both brines and their host rocks is
an important task.

Brine blowout horizons occur in carbonate reservoirs in the salt column. They are
characterized by fractured and fractured-vein types of anomalous hydraulically conduc-
tive reservoirs. In addition, a characteristic feature is the interbedding of carbonate and
halite rocks and the pseudostratal distribution of the anomalous reservoir in the salt col-
umn, caused by the ability to limit the development of cracks along the vertical [5,6]. Due
to the hydrodynamic closeness of the reservoirs, the fluid pressure is close to the mountain
pressures, as a result of which AHFP zones are formed, which are characteristic of the vast
majority of brine manifestations [7].

Brine is a multiphase system formed by an intercrystalline pore solution, soluble salts
of halite, calcium sulfate, magnesium, and calcium chlorides, and highly dispersed clay
particles [5]. In other words, this is highly mineralized reservoir water with rare metals
and mineral salts. As a result of its impact on the well, there is a flowing and deformation
of casing strings due to high formation pressures, sticking of drill pipes due to salt plugs,
an aggressive effect on casing strings and cement, high flow rates, as well as hydraulic
fracturing of overlying weak open formations [8,9].

In the process of washing out the brine along the wellbore to the surface, the salts
contained in it crystallize and settle on the walls of the well, thereby narrowing its well-
bore and forming salt sludge plugs that clog the formation [10,11].

The crystallization process is initiated by divalent calcium and magnesium cations,
which cause coagulation of the drilling fluid, and the landslide precipitation of salt begins,
often leading to the abandonment of the well. Under the influence of brine and often ac-
companying hydrogen sulfide and carbon dioxide, there is rapid corrosion of pipes and
cement stone due to brine [12].

To resist the loss of drilling mud and formation fluids blowout, various methods of
isolating the wellbore are used, not counting the running of the casing string and its ce-
menting. In the drilling industry, wellbore strengthening is divided into preventive meth-
ods and remedial methods. Based on foreign drilling experience, preventive methods of
strengthening the wellbore are more effective than restorative ones, but are not always
feasible due to the complexity of forecasting in conditions of heterogeneous mining and
geological conditions [13]. Restorative techniques are applied to seal the fracture or pore
space and isolate the wellhead by applying various loss circulation materials (LCM) [14].

Moreover, to resist brine blowout, methods such as increasing the density of the mud
and discharging the brine-producing horizon are sometimes used [10]. During the reo-
pening of the formation, as a result of its blockage by sedimentary brine, the flow rates
increase significantly and an increase in density leads only to absorption [15]. In addition,
with an increase in the density of the solution, the likelihood of sticking increases. The
elimination of complications by discharging the brine-producing horizon is also ineffec-
tive since the layers with brine are not completely depleted due to low reservoir proper-
ties. By the time the brine blowout is completed, the drilling fluid becomes completely
unusable [16]. Moreover, even after the long development of the reservoir, the pressure
in it is higher than the underlying horizon. This method is effective only for lenticular
local accumulation of brine with low energy [10].

Other methods are also known for isolating brine-producing and absorbing layers.
For example, the use of polymer gel systems, which are divided into immature and ma-
ture systems [17]. Pre-formed (mature) systems cannot pass interpore channels or natural
fractures with a transverse dimension of less than 0.052 mm. Treatment with such gels is
mainly used in large artificial cracks that can provide the required depth of gel penetration
[18]. The use of immature gel systems is of great interest in this study.
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Foamed gels for the isolation of layers have been developed, which are created in the
same way as water-based foam systems. However, there are no studies on the application
of such systems for HPHT conditions [17].

In industry, there is also the use of selective isolation methods. For example, one can
single out the technology for installing a column of expandable pipes [19]. The technology
has been quite successfully applied in a number of fields. However, in their study, the
authors focused on developing a method of isolation without stopping the drilling process
and changing the bottom hole assembly to other specialized equipment, which leads to
an increase in well construction time.

On the example of field experience, some successful cases of elimination of brine
manifestations were analyzed in a number of fields. At the Znamenskoye field, hydrogels
with stabilized nonionic polysaccharides were used [20]. At the Astrakhan gas condensate
field, an overpressure method was used followed by the installation of a cement bridge
[21]. In the fields of the Eastern Ciscaucasia, a method of relieving pressure and replacing
the drilling fluid with a lime-bitumen solution was used [16]. In China, in the Zhongyuan
oil field, combined polymer systems based on organic, inorganic crosslinkers, and poly-
acrylamide were used. The composition was successful at a temperature of 90 °C and a
salinity of 0.15 kg/L [22]. All these methods are applicable to specific mining—geological
and thermobaric conditions of the deposit. However, based on the production experience
of drilling wells at the Kovyktinskoye gas condensate field, all existing and previously
used methods for combating brine manifestations turned out to be ineffective [6]. For ex-
ample, the installation of a cement bridge plug is not effective in salt deposits. The integ-
rity of the cement stone is broken in the process of hardening and constant influx of highly
mineralized reservoir fluid. There is no high-quality adhesion of cement to salt rock at the
point of contact.

Mining—geological and thermobaric conditions at the deposits are different. A strik-
ing example of brine manifestations is the Kovyktinskoye gas condensate field, which is
unique in terms of reserves [23]. Well-drilling conditions are among the most aggressive
and difficult. Therefore, in this study, when developing a system of crosslinkers, the au-
thors relied precisely on the difficult conditions of the Kovyktinskoye gas condensate
field. After all, solving the problem will allow wells to be successfully drilled in the se-
lected field.

Three structural complexes are conventionally distinguished in the field section [24]:
suprasalt, saline, and subsalt (consists of sulfate-carbonate and terrigenous subcom-
plexes). These cavernous and fractured sulfate-carbonate interlayers are reservoirs of ex-
tremely saturated and highly mineralized calcium chloride brines. The sulfate—carbonate
subcomplex of the presalt complex is characterized by dolomites with metamorphosed
calcium chloride brines of high salinity, 0.35-0.4 kg/l on average [25]. Due to the ingress
of formation waters from subsalt deposits into the mud, the solubility of the sodium chlo-
ride decreases and the salt particles crystallize. Due to the increase in brine inflow, the
acidity of the solution increases, and an increase in the impact on polymers leads to a
deterioration in the rheological properties of the drilling mud. Therefore, when choosing
the component composition of washing liquids, the main emphasis is on nonionic salt-
resistant materials [25].

The above points summarize the main motivations of the authors which led to the
purpose of this study. To reduce the risks of emergencies during the preparation of the
wellbore before running casing strings with further cementing, it is necessary to develop
and implement a technology for isolating brine-bearing formations. The solution of the
set scientific and technical problem will reduce the time of well construction and reduce
the consumption of reagents, as well as ensure industrial and environmental safety of
work.
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2. Materials and Methods

In the course of this study, methods are used to determine the chemical composition
of liquids [26,27]. Methods modernized by the authors are also used, which are based on
standard research methods [28] of filtration properties on HPHT filter presses.

2.1. Experimental Methodology

The study was designed to test blocking compositions in conditions as close as pos-
sible to the conditions of a real field without the involvement of additional material costs
for conducting industrial tests as part of the study.

2.2. Study of Formation Fluid Samples from Developing Intervals

Brine samples were analyzed in the laboratories of Saint Petersburg Mining Univer-
sity on an atomic emission spectrometer ICPE-9000 from Shimadzu.

2.3. Study of the Compatibility of Drilling Fluids and Brine and Brine and Polymer Components
of Blocking Compositions

Drilling fluids used by drilling and service companies for drilling brine-producing
intervals in the field where the corresponding samples were taken were analyzed. The
study was carried out according to the methods provided in the sources [29-30]. The rhe-
ological characteristics of drilling fluids were measured after settling the mixture with the
addition of brine at various concentrations. For studies under normal conditions and
HPHT conditions, a Fann-35SA viscometer and an OFITE 1100 rheometer were used.

Further, the structural and rheological characteristics of brine were studied depend-
ing on the concentration of polymer components. The content of polymer components
varied in the concentration range from 1% to 10%. The rheological characteristics were
determined using a Fann-355A viscometer. According to the test results, the most suitable
polymer components are selected for the next stages of the study.

2.4. Filtration Study of Blocking Compounds

The improved cell design of the OFITE HPHT dynamic filter press was used to de-
termine the curing capacity of polymer-based blocking compounds (Figure 1).

1

2

3

4

5 1 —stem valve for cell;
2 —cell cover;
3 —lock pin;

6 4—cell;

SRR

S — brine/drilling mud;

7 6 — prerforated disc;
9 7 — bulk model;
w 8 — filtrated paper.

(a) (b) ()

Figure 1. Scheme of the chamber of the modified cell (500 mL) of the OFFITE HTHP filter press for
determining the curing ability of blocking compounds. (a) 3D layout of the cell; (b) 3D layout of the
cell in section; and (c) cell drawing with positions.

The filtration cell and the procedure for conducting the experiment were modernized
in order to maximally approach the geological conditions of the field. An artificial bulk
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model was created by crushing a part of the salt core taken from the top of developing
layers in the same interval where samples of highly mineralized formation fluid were
taken on a Fritsch pulverisette 1 (model 2) jaw crusher.

The selection of the blocking composition and its further studies were carried out
according to the following methodology.

For the experiment, an OFITE HTHP filter press with a 500 mL chamber was used. A
bulk model of crushed core in a volume of 250 cm? was placed on the bottom of the filtra-
tion cell and compacted with a press. A perforated stainless steel disk pre-made according
to the inner diameter was installed on the compacted salt layer. Then, the resulting bulk
model was saturated with a sample of highly mineralized formation fluid at a pressure
drop of 0.1 MPa.

Blocking compositions were prepared in advance in a volume of 300 mL. The liquid
glass phase with various silicate modules was diluted with process water and mixed with
an IKA laboratory stirrer. Polymers of various concentrations were added to the prepared
liquid glass of a given density with a concentration step of 0.5%. The compositions were
mixed at a speed of 400-600 rpm for 45-60 min until complete dissolution [18].

The hardener composition is poured into the prepared cell on top of the separating
disc and, under a certain pressure, the composition is pumped through an artificially cre-
ated bulk model saturated with brine until the liquid flow out from the opposite edge
completely stops or a constant filtration is established for 150 min.

Filtration studies are carried out both at room temperature of about 22 °C and a pres-
sure of 0.7 MPa, and under thermobaric conditions of the field where our brine and core
samples were taken.

Photographs of the bulk model before and after the filtration study were taken at
100x magnification using a Keyence VHX-600 Digital Microscope.

3. Results
3.1. Chemical Analysis of the Component Composition of Formation Fluid

Determination of the dry residue of the reservoir fluid sample was carried out by
comparison with standard solutions with known concentrations of the element being de-
termined by the method of calibration graph and the method of standard additions
[26,27].

To carry out measurements, the atomic emission spectrometer was put into operation
in accordance with the operating instructions, and the method parameters necessary for
the determination of lithium were set. The radiation intensity was measured using the
spectral line of lithium at a wavelength of 670.78 nm [26,27]. Standard solutions were se-
quentially introduced into the atomic steam generator; deionized water was used as a
blank, which was used to dilute the brine samples and standard solutions. Measurements
of the values of the emission signals of standard solutions were carried out in the mode of
three repetitions. The calibration curve was a linear dependence of the concentration of
standard solutions on the average emission values with a correlation coefficient r = 0.9998.
Measurement of the values of the emission signals of the prepared brine samples was also
carried out in the mode of three repetitions, after which the software calculated the values
of the lithium concentration automatically according to the constructed calibration graph.
The standard deviation of three parallel measurements for each solution did not exceed
3% (reflected in Figure 2). The obtained values were multiplied by the dilution factor.
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Figure 2. Analysis of the dry residue of formation fluid using the calibration graph method. (a)

Sample No. 1, bottom hole 2153 m (after a day of overflow); (b) Sample No. 2, bottom hole 2236 m;
(c) Sample No. 3, bottom hole 2236 m; and (d) Sample No. 4, bottom hole 2153 m (bottom hole pack).

The result of the study using the calibration graph method is shown in Figure 2.

Based on the results of the formation fluid study, it can be concluded that most of the
brine is represented by calcium and magnesium salts. The concentration of chlorides var-
ies from 51.29% to 60.15% and the concentration of calcium and magnesium from 26% to
35.7%.

To confirm the obtained values and eliminate the possible influence of matrix effects,
the concentrations of the components in the studied brine samples were also measured
using the standard additions method.

As in the previous case, after the atomic emission spectrometer entered the mode and
the experimental parameters were set, the values of the emission signals of the studied
solutions were measured in the triple repetition mode.

The results of the analysis by the method of standard additions are presented in Table
1.

Table 1. Results of the analysis of the dry residue of formation fluid by the method of standard
additions.

Mass Concentration of

Research Results, mg/dm?

a Chemical Element Sample No.1 Sample No.2 Sample No.3 Sample No. 4 Research Method
1 Lithium 740 + 96 645 + 84 655 + 85 760 + 99
2 Bor 81+11 126 + 16 121+ 16 47+6
3 Barium 114+ 15 104+ 14 122+ 16 110+ 14 o
4 Calcium 166,000 = 28,220 99,400 + 16,898 103,000 + 17,510 163,000 + 27,710 Azorztcr(e:;lestim
5 Magnesium 34,800 + 4524 76,300 +9919 77,600 + 10,088 33,000 + 4290 P y
6 Potassium 3360 + 437 967 + 126 1150 + 150 2830 + 368
7 Sodium 1510 + 196 961 + 125 1140 + 148 1490 + 194
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8 Iron 1150 + 127 503 + 55 546 + 60 1220 + 134

9 Manganese 227 +30 8711 99 £ 13 234+ 30

10 Strontium 2730 £ 340 3011 +422 4520 + 633 1640 + 230

11 Phosphate-ion 20+4 45+9 45+9 50+ 10 Spectrophotometry
12 Sulfate-ion 2882 +259 2209 + 199 2305 + 207 2882 +259

13 Chloride-ion 388,275+ 58,241 386,300 + 57,945 396,500+ 59,475 387,750+ 58,163 Titrimetry

14 Bicarbonate-ion 1373 + 165 1525 + 183 1068 + 128 1373 + 165

Based on the results of the study of the component composition of the formation fluid
(brine), it can be concluded that most of the brine is represented by divalent salts of cal-
cium from 99,400 to 166,000 mg/dm? and magnesium from 33,000 to 77,600 mg/dm?. For
this reason, the choice of the polymer component for the future blocking composition is
directed towards high-quality highly purified polymers. The total mineralization of brine
is extremely high and ranges from 717 to 738 g/L.

The brine also contains a rather high concentration of critical metals such as lithium
(from 645 to 760 mg/dm?).

Having found out that the highest content of metal cations and salts in the reservoir
fluid is predominant, we can assume a further mechanism for blocking brine-saturated
reservoirs.

Mainly reaction between CaCl: and MgCl: with Na:5iOs leads to crystallization
which results in the formation of insoluble salts (calcium and magnesium silicates):

H,0
CaCl, + Na,Si0; — CaCl, { +2NaCl @

This reaction of the formation of a thick gel and insoluble salts will be taken as the
basis for further studies.

3.2. Selection of a Polymer Base for a Blocking Compound

But the rate of the thickening reaction is too fast. An increase in the viscosity of the
liquid glass solution by the additional introduction of a polymer is necessary to reduce
the thickening time with brine.

The following materials are used as samples of polymer materials:

¢  Xanthan gum (glamine or equivalent) [31,32];
e  Highly purified, high viscosity polyanionic cellulose (Aqua PAC R or equivalent);
e  Copolymer of polyacrylamide and sulfonic acid (polymer x20 or equivalent) [33];

e Highly purified hydroxyethyl cellulose (HEC) (Natrosol 250HHR or equivalent) [34].

The polymers based on polyacrylamides (polymer X20) did not dissolve in the brine,
although they are salt-resistant materials. There is an understandable reason for this,
which is as follows: most often, polymeric materials are dissolved in fresh water, and then
inorganic salts are added to fresh solutions [35]. In fresh water, initially, the polymer mac-
romolecule is in an unfolded state, which consumes a large amount of dissolution energy,
after which the salinization of the aqueous solution reduces the rheological characteristics,
but it does not exfoliate [36].

In the case of brine, it initially contains ions of monovalent and divalent metal ions,
which do not allow polyacrylamide molecules to dissolve in the brine [37].

Polysaccharide materials based on polyanionic cellulose and starch, although dis-
solved, showed no significant changes in the structural and rheological parameters of the
brine.

Polymers based on xanthan gum BioSin and HEC Natrosol 250 HHR led to a change
in the structural and rheological characteristics of the brine. The measurement results are
shown in Table 2.
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Table 2. Changes in the structural and rheological characteristics of brine during the processing of
2% polymers.

Rheological Characteristics Units

Material Name

Natrosol Biosin

Brine Aqua PACL 2% AquaPACR 2% 29 29, Starch Poly KR 2%
Torsion angles: Gs00 degree 23 25 28 33 29 25
Os00 degree 12 13 16 20 17 13
©200 degree 8 9 11 14 9 9
O100 degree 4 5 5 9
66 degree 1 1 2 6 1 1
O3 degree 1 1 1 3 1 1
Plastic viscosity, np mPa's 11 12 12 13 12 12
DSS dPa 5 5 20 35 25 5
Gels10s dPa 1 1 1 1 1 1
Gels 10 min dPa 1 1 1 2 2 1
Density kg/m3 1390 1390 1390 1390 1390 1390
From the measurement results (Table 2), it can be seen that the polymer based on
HEC is most compatible with the brine due to the more flexible macromolecule and the
nonionic nature of the functional groups: -CH:OCH2CH:0H and -HC-OCH:CH:0OH in
HEC.
Therefore, for further research, Natrosol 250HHR and BioSin biopolymer were cho-
sen as a polymer base for blocking composition.
The results of the study of the structural and rheological characteristics of brine de-
pending on the concentration of polymers are shown in Table 3.
Table 3. Study of the effect of polymer concentration on the structural and rheological characteris-
tics of brine under normal conditions.
. Material Name and Concentration
Rheologll ca‘l Units Natrosol 250HHR, % Biosin, %
Characteristics
1 2 3 5 7 10 1 2 3 5 7 10
Torsion angles: O degree 25 25 29 60 230 >300 24 25 25 27 29 32
O30 degree 13 13 15 32 130 - 12 13 13 14 15 17
200 degree 8 9 10 22 89 - 8 8 9 9 9 11
O100 degree 5 5 11 48 - 4 4 5 5 5 6
66 degree 1 1 1 1 2 - 1 1 1 1 2 2
S degree 1 1 1 1 2 - 1 1 1 1 2 2
Plastic viscosity, np mPas 12 12 14 28 30 - 12 12 12 13 14 15
DSS dPa 5 5 15 20 146 - 0 5 5 5 5 5
Gels 10 s dPa 1 1 2 2 2 - 1 1 1 2 2 2
Gels 10 min dPa 2 2 2 2 4 - 1 1 1 2 2 2

From the analysis of the data obtained, it can be seen that satisfactory rheological
properties can be observed in a number of compositions based on Natrosol 250HHR. The
performance based on the Biosin polymer is unsatisfactory due to low values of dynamic
shear stress (DSS).

Rheological properties at angles of twist from 3 to 600 degrees change smoothly in
compositions based on Natrosol 250HHR at a concentration of 1% to 3%. At 5% and 7%
polymer, the value is too high and reaches 60 and 230, respectively.

The index of plastic viscosity of the solution of the composition based on Natrosol
250HHR is optimal at a concentration of 1% to 3% and varies from 12 to 14 mPa's. At the
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same time, at a polymer concentration of 5% and 7%, the value of plastic viscosity already
increases by 28 mPa's and 30 mPas, respectively, which is an unsatisfactory value.

The obtained values of dynamic shear stress are optimal only for the composition
based on Natrosol 250HHR at a concentration of 3% and 5% and are 15 and 20 dPa. At a
concentration of 1% and 2%, the DSS value is too low and amounts to 5 dPa, and at a
polymer concentration of 7%, the DSS value is too high—146 dPa.

Based on the analysis of structural and rheological characteristics, an additive based
on Natrosol 250HHR at a concentration of 3% will further be considered the optimal pol-
ymer for compatibility with brine.

For maximum approximation of the conditions of the field, we will determine the
structural and rheological characteristics of the compositions under the thermobaric con-
ditions of the field. The studies were carried out on the OFITE 1100 rheometer.

The results are presented in Table 4.

Table 4. Study of the effect of polymer concentration on the structural and rheological characteris-
tics of brine at a temperature of 35 °C and a pressure of 8.1 MPa.

Material Name and Concentration

Rheological Characteristics Units Natrosol 250HHR, % Biosin, %
1 2 3 5 7 10 1 2 3 5 7 10
Torsion angles: Oewo degree 26 25 29 55 226 >300 22 25 23 25 30 31
Os00 degree 15 14 16 33 133 - 11 10 13 14 16 15
200 degree 7 8 11 21 87 - 0 6 7 8 7 11
O100 degree 6 7 7 12 51 - 6 7 6 5 4
O degree 1 2 1 1 2 - 11 1 1 2 2
O3 degree 1 2 1 2 - 1 1 1 2 2
Plastic viscosity, Nua mPars 13 13 12 29 32 - 14 12 10 12 13 15
DSS dPa 4 5 13 18 148 - 1 4 5 4 4 5
Gels 10 s dPa 2 2 2 2 2 - 2 1 1 2 2 2
Gels 10 min dPa 2 2 2 2 3 - 1 1 1 2 2 2

To explain the results, let us discuss the physicochemical properties of polymers and
their chemical structure.

The physicochemical properties of polymers and their solutions depend on their pri-
mary chemical structural formula. Most often, the main reason for the increase in the vis-
cosity of polymer solutions is the intermolecular interaction of macromolecules with each
other. If the properties of dilute polymer solutions do not increase critically, then with a
growth in the polymer concentration, a rapid and significant rise in the structural and
rheological properties of their solutions occurs [38].

The mechanism of a rapid and significant rise in the rheological characteristics of a
HEC solution is determined by its chemical structure of the primary structural link shown
in Figure 3.
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Figure 3. Idealized chemical structure of HEC with degree substitution 2.0 and molar substitution
2.5.

Like most branched polysaccharides, HEC is capable of forming highly viscous solu-
tions at low concentrations. During dispersion in water, the pendant hydroxyethyl and
dihydroxyethyl groups attached to the cellulose core interact via hydrogen bonds with
water molecules. Because of this, HEC molecules are intermolecularly intertwined in the
aqueous phase, which in turn leads to an increase in viscosity and gelation. With a further
increase in the concentration of HEC, an increase in viscosity and gelation occurs, in this
case, water molecules form an ordered structure around the HEC molecule and thereby
lead to a multiple increase in structural and rheological characteristics [38].

In the practice of oil and gas well construction, rheological parameters included in
the Bingham-Shvedov equation are most widely used: limiting dynamic shear stress,
plastic viscosity, and structural characteristics are estimated from static shear stress for 10
min and 10 s. The optimal ratio is [38]:

DSS L )

55 > 1 + 1.5 (performed only when calculating in units of the API Standard) (2)

In our case, this ratio is achieved at an additive polymer (HEC) concentration of 3%.

At the same time, based on the analysis of the values in Tables 3 and 4, it can be
concluded that changing the thermobaric testing conditions does not significantly affect
the rheological characteristics of the mixture of polymers and brine.

3.3. Studies of the Influence of Brine on the Structural-Rheological and Filtration Characteristics
of Drilling Fluids

Since the drilling of rape-bearing horizons involves the opening of reservoirs with
AHFP, when drilling this interval, it is rational to use, for example, a weighted polymer-
clay drilling fluid [39].

The studies include the addition of formation fluid (brine) to a weighted drilling fluid
with a density of 2050 kg/m3 [40].
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A salt-saturated drilling fluid based on sodium chloride with a density of 1180 kg/m3
was used as a dispersed medium in the weighted mud. The use of a salt-saturated drilling
fluid is associated with preventing the erosion of the salt strata and the formation of pos-
sible caverns [41,42].

The weighting of the drilling fluid was carried out with barite concentrate and the
regulation of filtration and rheological parameters with the help of the following materi-
als: biopolymer Glamin—structure-forming agent; resin polymer—stabilizer of rheologi-
cal and filtration properties; FHLS —lignosulfonate thinner; Polideform —defoamer; and
Polyeconol A —crystallization inhibitor [43,44].

To study the compatibility of the drilling fluid with brine, six mixtures were consid-
ered. The first composition (100) was clean drilling fluid. Then, we gradually diluted the
drilling fluid with brine in increments of 10% of the total volume of the mixture. The final
sixth composition (50/50) was a mixture containing 50% drilling fluid and 50% brine.

The resulting mixture rheological profiles are shown in Figure 4.
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Figure 4. Rheological profiles of mixtures of heavy mud with brine depending on their ratio before
heating under normal conditions.

The compatibility test was repeated after warming up for 8 h at 60 °C. The resulting
rheological profiles are shown in Figure 5.
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Figure 5. Rheological profiles of mixtures of heavy mud with brine depending on their ratio after
heating at 60 °C for 8 h.

Based on the nature of the rheological curves and the data obtained, it can be con-
cluded that the weighted polymer-clay drilling fluid is combined with the reservoir fluid.
The addition of brine to the weighted solution does not lead to its thickening. This is ob-
served on the graph with rheological profiles—the values of the dynamic shear stress de-
crease as the solution is diluted with brine.

3.4. The Study of the Filtration Characteristics of the Blocking Composition under Normal
Conditions

The previously prepared blocking composition was poured into the cell and pumped
until the liquid outflow from the opposite edge completely stopped or until a constant
filtration was established for 150 min at a pressure drop of 0.7 MPa.

As part of the experiment, seven blocking compositions without polymer and with
the addition of a polymer were investigated. The change in filtration values can be seen
in Figure 6. The core samples used for the fill model and the fill model after the experiment
are shown in Figure 7.
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Figure 6. Filtration change over time in brine crosslinkers as a function of silicate modulus, density,
and hydroxyethyl cellulose content Natrosol 250HHR.

Description of the results: Na:5iOs solution (module 2.1) density 1420 kg/m?—the
formed filtrate passed through the entire bulk model, displacing the brine. The filtrate
acquired a blue-gray precipitate. When pressed, it did not collapse and did not crumble.
Na2SiOs solution (module 2.1), density 1340 kg/m3—the formed filtrate passed through
the entire bulk model, displacing the brine. The filtrate acquired a blue-gray precipitate.
When pressed, it did not collapse and did not crumble. Naz2SiOs solution (module 2.1)
density 1340 kg/m? + 2% Natrosol 250 HHR —unformed filtrate did not pass through the
entire bulk model. A hard crust formed on the top of the sample. Na:5iOs solution (mod-
ulus 0.9-1.1), density 1420 kg/m3—the formed filtrate passed through the entire bulk
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model, displacing the brine. When pressed, it collapsed and did not crumble—fragile.
Na:zSiOs solution (modulus 0.9-1.1) density 1320 kg/m3—the formed filtrate passed
through the entire bulk model. When pressed, it collapsed and crumbled—fragile.
Na:z5i0s solution (modulus 0.9-1.1) density 1320 kg/m?® + 0.5% Natrosol 250HHR —the
formed filtrate passed through the entire bulk model. When pressed, it collapsed and
crumbled —fragile. Na2SiOs solution (modulus 0.9-1.1) density 1320 kg/m? + 1% Natrosol
250HHR —formed filtrate passed through the entire bulk model. When pressed, it col-
lapsed and crumbled —fragile.

Figure 7. Core samples and bulk model after a filtration experiment. (a) Salt core from a brine-pro-
ducing horizon; (b) carbonate core; and (c) general view of the bulk model after pumping the block-
ing compound.

From the test results obtained, the following conclusions can be drawn for this sec-
tion:

The use of only liquid glass with a silicate module 2.1 quickly seizes a salt sample
saturated with brine in a short period of time, which makes its use not very convenient
from a technological point of view. That is, this composition has too fast gel time.

A dilute solution of liquid glass with a modulus of 2.1 and a density of 1340 kg/m?
passes through the entire bulk model. The whole sample is not destroyed.

A liquid glass solution with a density of 1320 kg/m? passed through the entire sam-
ple. The sample is solid, but destroyed.

All sodium silicate solutions with a silicate modulus of 0.9-1.1 were destroyed when
removed from the filter-press cell.

To provide a more even water glass distribution front through the bulk model, the
water glass solution was treated with Natrosol 250HHR HEC at concentrations from 0.5%
to 2%. The strongest sample was formed when processing up to 2% of the polymer.

According to the results of the studies, the optimal composition for blocking brine-
bearing formations is a composition based on a solution of liquid glass (density 1340
kg/m?3) with a silicate module 2.1, additionally treated with Natrosol 250HHR HEC at a
concentration of 2%.

To check the effectiveness of the use of the blocking composition, filtration studies
were also carried out on carbonate core samples.

The result of applying a blocking composition based on Na2SiOs with a silicate mod-
ulus 3.4 with a density of 1250 kg/m? treated with hydroxyethyl cellulose at a concentra-
tion of 2% is shown in Figure 8.
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Figure 8. Bulk model with a fraction of ground carbonate rock more than 2.5 mm after pumping the
hardening composition. (a) Snapshot of the bulk model at x100 magnification on a Keyence VHX-
600 microscope; (b) general view of the bulk model after the experiment; (c) snapshot of the bulk
model after the experiment at x100 magnification (top view); and (d) photograph of the bulk model
after the experiment at x100 magnification on a microscope (bottom view).

Based on the visual inspection of the bulk model after the experiment (Figure 8), it
can be concluded that the composition based on liquid glass with silicate 3.4 with a density
of 1250 kg/m?, treated with HEC at a concentration of 2%, effectively binds grains of car-
bonate core pre-saturated with brine. A strong structure is formed that does not crumble
into small particles.

3.5. Study of Filtration Characteristics and Plugging Ability of Blocking Composition under
Thermobaric Conditions

Based on field data on the opening of rape-bearing formations at one of the fields in
Eastern Siberia, the maximum pressure at the wellhead with a closed blowout preventer
(BOP) was 27.36 MPa. In this regard, during the research, the following thermobaric con-
ditions were adopted: pressure, taking into account 5% of the reserve, will be 28.73 MPa,
temperature 35 °C.

The study of properties was carried out at a temperature of 35 °C and a pressure drop
of 28.73 MPa on an OFITE HPHT dynamic filter press, and a gas booster was used to
create the required pressure. The gas booster is similar in principle to a high pressure
liquid pump, where a larger piston is connected to a smaller one. The gas supplied from
the compressor drives the gas booster mechanism [45].

The dynamics of filtration changes over time for blocking compositions is shown in
Figure 9.
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Filtration value, F 30, cm3/30 min at 28.73 MPa on

HTHP filter press at a temperature of 35 °C
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Figure 9. Filtration change over time in brine crosslinkers as a function of silicate modulus, density,
and hydroxyethyl cellulose content Natrosol 250HHR at 35°C and 28.73 MPa.

It can be seen from the analysis of the curves that the reaction time of most composi-
tions occurs in the range of 80-100 min (inflection on the curve and alignment).

The use of only liquid glass with a silicate module of 2.1 quickly seizes and hardens
the salt sample, which makes it not very convenient to use from a technological point of
view (yellow line on the graph). For a more uniform liquid glass filtration front through
a bulk model, the liquid glass solution was treated with Natrasol 250HHR hydroxyethyl
cellulose. As mentioned earlier, in the discussion of the results under Figure 6, the strong-
est sample is obtained when processing 2% of the polymer. It is important to note that it
is at a polymer concentration of 2% (blue line on the graph) that the filtration is evenly
distributed throughout the test. Additional treatment of liquid glass with hydroxyethyl
cellulose increases the filtration time to 150 min, which makes it possible for the composi-
tion to penetrate a greater distance into the formation. All this confirms the effectiveness
of the polymer composition chosen by the authors.

The main task in the development of a blocking composition is the maximum pene-
tration of the composition into the wellbore with a further reaction of precipitation of cal-
cium and magnesium metasilicates [46,47]. For this reason, determination of the penetra-
tion depth of the filtrate was carried out on a SkyScan 1173 tomograph. Table 5 shows the
penetration depth of the filtrate depending on the composition of the crosslinker.

Table 5. The dependence of the filtrate penetration zone depending on the composition.

Compound Penetration Zone, Rt, mm

Ol = W N =

Na:5i0Os solution (modulus 2.1) density 1340 kg/m3 250HHR 56
Na:2S5iOs solution (modulus 2.1) density 1340 kg/m?+2% Natrosol 250HHR 74
Na:zSiOs solution (modulus 0.9-1.1) density 1420 kg/m? 43
Naz5i0s solution (modulus 0.9-1.1) density 1320 kg/m? 52
Na:S5iOs solution (modulus 0.9-1.1) density 1320 kg/m? + 0.5% Natrosol 250 HHR 63
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6 NazS5iOs solution (modulus 0.9-1.1) density 1320 kg/m? + 1.0% Natrosol 250 HHR 65

Based on the results obtained, it can be concluded that all compounds successfully
penetrate into the pore space to a depth of 43 mm to 74 mm. At the same time, the greatest
penetration depth is observed in the composition based on sodium metasilicate and the
polymer additive Natrosol 250HHR at a concentration of 2% and is 74 mm. The greater
penetration depth compared with other compositions can be explained by the optimal
structural and rheological characteristics of this composition.

This confirms that the authors have developed and selected the most optimal com-
position for the isolation of layers under conditions of salt deposits and brine manifesta-
tions.

4. Experimental Stand Design

For future research and testing of compositions for blocking formations in conditions
as close as possible to the conditions for the use of such compositions in real wells, an
experimental stand was designed.

The stand design allows you to simulate different well and reservoir conditions. In
particular, it is possible to change both the type of formation fluid supplied from the for-
mation, and the bulk model itself, which imitates rock on the walls of the well. With the
help of hydraulic piping of the stand, it is possible to simulate various pressure drops in
the well, for example, to make the formation pressure higher than the well pressure for
development and, conversely, for pushing process fluid into the formation [48].

At the initial stage of designing the stand, a basic hydraulic diagram of the device
was created. The main working element of the stand is the working area in which the
simulation of water intrusion will take place. Water intrusion modeling includes:

e Creation of a reservoir model saturated with fluid;

e  Creation of a well model filled with drilling fluid;

e Creation of a model of the drill string, through which the hardening composition will
be injected.

The designed stand assembly with all elements is shown in Figure 10.

Figure 10. Experimental stand in the assembly.

The main working area of the test bench consists of a chamber filled with soil and an
external tank. The chamber is designed to be collapsible so that the tests can be repeated
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many times. At the same time, the connection of the chamber parts is strong enough to
withstand the pressure of the drilling fluid column and injection of the blocking compo-
sition.

The designed chamber consists of an inner and outer shell made of steel pipes and is
shown in Figure 11a. The pipes are bisected longitudinally and perforated (Figure 11b).

(a) (b) (©)

Figure 11. Working area of the stand. (a) Connecting the distribution manifold to the work area; (b)
axial section of the working area; and (c) perforated chamber.

The hydraulic connection between the brine and drilling fluid supply lines and the
working area is through a distribution manifold, shown in Figure 11c.

The blocking composition is fed into the inner cavity of the chamber through the
central pipe, which imitates the drill pipe string. Drilling and process fluids are also sup-
plied to the working area from specially prepared containers using axial piston pumps
[49,50].

The use of the stand will allow simulation of the process of formation fluid manifes-
tation during drilling and studying the mechanism of formation blocking using various
blocking compositions.

In the future, the developed stand can be used to study other isolation methods.

5. Discussion

The existing technological methods of resisting brine blowout given in the article
demonstrate inefficiency in the conditions of blocking formations containing highly min-
eralized formation fluid. The method of isolation given in the source [22] using poly-
acrylamide derivatives does not result in a positive effect, due to the fact that the polymer
molecules cannot dissolve sufficiently in water with a total mineralization of 0.35-0.4 kg/L
and higher. Other methods, which involve changing the layout of drill pipes and running
profile covers and casing strings, lead to a significant increase in well construction time
due to additional tripping operations and the installation of cement plug bridges in prob-
lematic horizons, as in [21], because of poor adhesion of the cement stone with the rock in
the conditions of salt deposits.

The research methodology, presented for the first time, makes it possible to fully as-
sess in detail the nature of the problem associated with brine blowout with a detailed
analysis of the chemical composition of the formation fluid and by conduct research on
core samples taken from the roof of developing horizons. After all, it was the detection of
a high concentration of metals and salts in the brine that made it possible to determine the
future method of blocking the formation.
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The developed polymer blocking composition takes into account the shortcomings
described in other studies. The use of water glass makes it possible to crystallize the res-
ervoir fluid because of the reaction with metal cations. An additional increase in the vis-
cosity of the mixture due to the treatment of the composition with HEC allows not only
to increase the strength of the resulting gel, but also to increase the thickening time for
successful injection of the composition into fractured-pore interlayers with brine.

This paper presents an integrated approach to the study of the problem of brine blow-
out, including the study of the chemical composition of brine, which should underlie not
only design solutions, but also operating procedures for trouble-free drilling.

In summary, it can be noted that in this work an attempt was made not only to assess
the blowout problem but to also establish the causes of these complications. The necessity
of using a blocking mechanism with a crystallization reaction with metal cations con-
tained in reservoir water, rather than simply pumping various fractions of LCM into frac-
tured pore horizons, is proved.

6. Conclusions
The following conclusions were made:

1.  The choice of a method for isolating formations without stopping the drilling process
and changing the borehole assembly to minimize non-productive time is justified.

2. Based on the methods of atomic emission spectrometry, spectrophotometry, and ti-
trimetry, the composition of the reservoir fluid was studied in detail. The concentra-
tion of chlorides reaches 60%, and divalent salts of calcium chloride (CaClz) and mag-
nesium (MgCl2) 26% and 35.7%. The identification of these components made it pos-
sible to put forward and experimentally confirm the idea of the possibility of crystal-
lization of metal cations upon interaction with Na25iOs with the formation of an in-
soluble precipitate.

3. Based on the study of the compatibility of polymers of different groups, it was found
that the most suitable additive for thickening the gel and increasing the hardening
time of the composition is HEC. Successful combination with brine is explained by a
more flexible macromolecule and the nonionic nature of the functional groups: -
CH>0CH2CH20H and -HC-OCH2CH:0H. The explanation of the interaction process
by means of hydrogen bonds, the subsequent intermolecular interweaving of mole-
cules, and the alignment of an ordered structure around the HEC molecule with an
increase in viscosity confirmed the effectiveness of the selected additive.

4.  Filtration of the polymer composition through a bulk model from the core of devel-
oping formations saturated with brine at a pressure of 28.73 MPa and 35 °C made it
possible to establish the optimal concentration of the polymer at 2%, dissolved in
sodium metasilicate with a silicate modulus of 2.1 and a total density of the compo-
sition of 1.34 g/cm3. After filtering the composition, the bulk model had the highest
strength with the formation of a hard crust on the upper part of the sample.

5. Based on tomographic studies, it was found that the depth of penetration of the fil-
trate during the injection of the developed blocking composition into the core of de-
veloping layers was 74 mm.

6. For subsequent tests, an experimental stand was developed to simulate the process
of isolation of layers under conditions of back pressure from the side of the layer.
Laboratory tests on the stand will allow not only testing of various compositions to
resist losses and blowout, but also allow exploration of other technical methods for
isolating problem horizons.

7. The use of the developed method of blocking formations will allow oil and gas com-
panies to reduce non-productive time associated with the elimination of brine mani-
festations and accelerate the transition to further development of productive hydro-
carbon deposits.
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8.  The developed research methodology will allow scientists and oil engineers to select
and develop new types of blocking compositions based on the study of physical and
chemical interaction with formation fluid components.

The results of the research are planned to be tested in the near future at a real field in
wells complicated by brine blowout and fluid losses.
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Nomenclature

AHFP Abnormally high formation pressure
BOP  Blowout preventer

DSS  Dynamic shear stress

FHLS Ferrochrome lignosulfonate

HEC Hydroxyethylcellulose

HPHT High pressure and high temperature
LCM  Loss circulation materials

PAC  Polyanionic cellulose
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