SOCAR Proceedings No.3 (2026) 099-106

) SOCAR Proceedings

) Reservoir Engineering

SOCAR

journal home page: http://proceedings.socar.az

OF SCIEy,
Wes © Nep

EMERGING
SOURCES
CITATION

INDEX
< 5

<1z, <&
IVATE ANAVYS

THERMOSENSITIVE GEL FOR WATER SHUT-OFF IN OIL WELLS

B. A. Suleimanov’, H. F. Abbasov*?, V. J. Abdullayev’, Sh. Z. Tapdiqov*
«QOilGasScientificResearchProject» Institute, SOCAR, Baku, Azerbaijan
?Azerbaijan State Oil and Industry University, Baku, Azerbaijan

ABSTRACT

A new approach to the creation of a cost-effective thermoactive composition based on readily available raw materials, includ-

ing a gelation initiator and gelator solution, intended for use in water insulation systems, is presented in this study. The

residual resistance factor and recovery factor of oil were determined in core samples with different permeability coefficients

using the prepared gel-forming composition. Optimum concentrations of the mixture components were found to be 10-12 %

for the gelation initiator and 9-10 % for the gelator. Increasing the temperature from 20 to 60 °C was found to lead to a sig-

nificant 5- to 6-fold reduction in gelation time. Above 60 °C, gelation occurred within one to two hours. The results of field

and experimental studies conducted in the Kruk and Shurchi fields in Uzbekistan using a thermosensitive, gel-forming com-

position are presented. The residual resistance coefficient of the samples ranges from 4.8 to 23.6. Oil sweeping tests showed

the high efficiency of the proposed new method of water shut-off using a thermoactive gelling agent. The results of COMSOL

Multiphysics modeling of the water filtration process in a porous medium with gel, taking into account the kinetics of gel

formation, are also presented.
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1. Introduction

The majority (approximately 30 to 35%) of underground
oil well treatment operations are performed to control pro-
duced water and sand formations [1-7]. Well production
watering leads to corrosion of underground and surface
equipment. Therefore, the development of chemical-tech-
nological processes to prevent well flooding is an urgent
problem [8-11].

One commonly recognized water shut-off technology
involves the injection of compositions containing sodium sil-
icate, water, polyacrylamide (PAM) or partially hydrolyzed
PAM (HPAM). However, a limitation of this technology is the
lack of control over gelation time and the overall water shut-
off process [12]. The authors [13] studied bulk gelation using
a polymeric gelator prepared on the base PAM and hydro-
quinone-hexamethylenetetramine HQ/HMTA. Knowing the
gelation time at different temperatures is crucial for deter-
mining how deep the gel can be placed in the tank at a given
water temperature. The studies have shown that, first, the
gelation time can be controlled by altering the gel composi-
tion and environmental conditions, and second, divalent ions
promote faster gelation compared to monovalent ions. The
authors concluded that the presented gel system is highly
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effective for water shut-off in reservoirs. In other studies,
the authors prepared an innovative and effective water bar-
rier composition based on urea formaldehyde resin [14] and
viscous plastic components [15]. It was shown that when
regulating the rheological properties of polymer suspensions
using chemical additives, it is necessary to determine the
influence of thermobaric factors on the values of these prop-
erties. Studies to evaluate the influence of temperature on the
rheological properties of gelling agents were carried out in
the temperature range of 25-75 °C.

In general, new technologies based on foam systems [16],
nanofluids [17-19], alkaline wastes [20], polymer-water-air
mixture [21], and enzyme solutions [22] have been developed
to enhance oil recovery by shutting off formation water.
Among the chemical methods for targeted modification of
wells, silica-based gels are cheaper and favorable from the
point of view of environmental safety [23, 24]. It is also ther-
mally stable and suitable for working in high temperature
wells. In well-bore conditions, the gelation time of Na-silicate
is more controllable [25].

Sodium silicate gelation is achieved through sol-gel
technology, a process where silicate particles bond to form
a three-dimensional network [26-28]. First, sodium silicate
undergoes hydrolysis when it reacts with water:

Na,Si0;+2H,0 — 2NaOH + H,Si0; (silicic acid) (1)
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Then, in an acidic environment, the resulting silicic acid
molecules polymerize to form a hydrated silicon dioxide
gel (Si0,xH,O) through a process called condensation: the
silicic acid molecules undergo polycondensation, where they
link together through the formation of silicon-oxygen-sil-
icon bonds (Si-O-Si). Small oligomers are formed by this
process, and they act as nucleation sites for the formation of
larger, stable particles. These particles aggregate and spread
throughout the system, forming a three-dimensional network
—agel.

The gelation is generally accelerated by lowering the
pH (acidifying the solution), as the electrostatic repulsion
between the silica particles is reduced and their aggregation
is promoted: silica particles are generally negatively charged,
and an increase in the amount of hydrogen ions in the medi-
um leads to a decrease in the zeta potential of silica particles,
which favors the aggregation of silica particles [29]. A com-
parative analysis of the results of silicate gel injection studies
[30] shows that the use of Na-silicate and acid can create an
effective gel plug to shut off formation water in the bottom-
hole zone of the well. According to Van’'t Hoff’s law, gel
formation can also be accelerated by higher temperatures, as
increased temperature intensifies hydrolysis and condensa-
tion reactions. Higher concentrations of sodium silicate result
in decreased gelation times because more silicate molecules
are involved in the reaction.

It has been shown that the presence of salts, particularly
divalent ions such as calcium and magnesium, has a signif-
icant effect on the gelation process [27, 31]. This effect can
manifest itself in various ways: from potentially accelerating
the process to altering the properties of the resulting gel.

When pumping a sodium silicate solution containing
additives into the well bottom zone, one of the key processes
is the kinetics of gel formation upon contact with rock under
well conditions [32,33]. It is known that when Na-silicate
solution comes into contact with formation water and rocks,
its density and concentration changes. In other words, by
determining the degree of dispersion and adsorption of
Na-silicate, it is possible to develop an effective method for
the reagent injection into the wellbore. Because the change in
the concentrate and pH nature of the silicate solution has a
direct effect on its gelation kinetics [34].

An alternative approach [35] to controlling water inflow
into wells involves the sequential injection of an aqueous
solution of sodium silicate, a separator, and a hardener.
A drawback of this technique was the use of a 0.5-4%
hydrochloric acid solution as a hardener and a 7-9 % sodi-
um silicate solution, which made it difficult to precisely
control the gelation time. Furthermore, the effectiveness of
this method was reduced due to incomplete mixing of the
gel-forming solution components within the formation.

In deep well isolation treatments, Na-silicate is thermally
stable and cost effective compared to other gel systems. Gel
formation time of Na-silicate can be regulated by adding
some inorganic and organic reagents [36]. This is because the
viscosity, gelation time, and thermal stability of sodium sili-
cate vary depending on the pH of the medium, salinity, and
mechanical stress [31].

This study investigated the gel-forming ability of the acid-
based, thermosensitive mixture proposed by us. The effect
of this mixture on the oil displacement ratio was studied in
laboratory conditions using models of carbonate and sandy
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reservoirs. The residual resistance factor was determined
using a prepared homogeneous gel-forming composition in
artificial core samples. The field experiments were conducted
with thermoactivatable composition in the fields of Kruk and
Shurchi (Uzbekistan). COMSOL multiphysics simulations
of filtration process for treated and untreated porous media
with thermoactivated gel were also presented.

2. Experiment

Monobasic acid and dibasic acid residual alkali metal
salt were used for preparation of gel-forming composition.
The residual resistance factor was studied on artificial cores
corresponding to the reservoir properties of the Kruk and
Shurchi fields.

Preparation and investigation of gel-forming

composition

Two components were used in the preparation of the
thermoactivatable mixture: gel-forming salt (GFS) and acid as
a reaction initiator (RIA). First, 40% (wt.) GFS and 21% (wt.)
RIA were diluted with technical water to form a 10% (wt.)
solution, which is the optimum concentration to obtain a gel.
The pH of GFS solutions with different concentrations was
determined initially.

It was found that the GFS solution has a high buffering
capacity and does not change the pH of the solution in the
range of 8-10 % (wt./mass).

It should be noted that when mixed with solutions of
weak acids and even alcohol, as well as with various resinous
organic substances, GFS forms gels of varying composition
and with different thermomechanical properties. Gels formed
by organic substances with polymer-based acids are not very
thermally stable, and the rate of gelation reaction strongly
depends on the density of the second component. The com-
position of GFS consists of such a weak acidic residue that
even when in atmospheric air it can turn into a gel after a
long reaction with air moisture and CO,. Technologically,
when producing GFS-based gels, it is preferable for the gela-
tion process to begin after 10-14 hours. Therefore, it is more
convenient to carry out the process with 10-12 % solutions of
initiators, which are inexpensive.

In the presence of more than an equivalent amount of
acid in the medium, a reaction between GFS and RIA takes
place and a thermally activated gel is formed. However, due
to the excess of initiator in the medium, complete structuring
or solidification does not occur immediately. Over time, after
the acidity of the medium has been neutralized by an alkali,
the gel is observed as a solid mass throughout the volume.

In the presence of solvent, the gel starts to swell. Basically,

V.-V
the degree of swelling of a confined gel (i =——=%" where
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V, and Vy are the volumes of swollen and dry gel, respective-
ly) grows in time proportionally to the difference between the
limiting degree of swelling (i..) and the degree of swelling at
a given moment (i) [37]:

di

—=—k'(i,—i 2

i Gl @
where k' is the coefficient of proportionality.

Integration of equation (4) gives:

i=i(1-¢*) 3)
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When the gel is injected into a porous medium with
porosity ¢, the porosity of the medium decreases as the gel
swells. An approximate relationship between porosity and
the degree of gel swelling can be found. Before gel injection,
the porosity of the medium is defined as:

_ Vt - Vm
f= @

where V, is the total volume of the core, V,, is the volume of
the core without voids.

After injection of gel into this medium, the porosity of the
medium changes,
V-V, V, \% 1%

=g ——L=g——L(i+1
v, oy Vt( ) ©®)

&

Considering Eq. (3) in Eq. (5) we obtain:
g=£0—6(1+iw(l—e'kv’)) (6)

V.
where, ¢ =—5 is the concentration of gel in the medium.

t

The Kozeny-Carman (KC) model [38,39] establishes a
connection between the characteristics of media and the flow
resistance in pore channels. It is a frequently employed equa-
tion in various fields, such as soil physics, chemical engineer-
ing, and reservoir engineering, to calculate the permeability
of porous materials. It relates permeability to porosity and
specific surface area, showing how the structure of pores
affects fluid flow.

312
e &'d,
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where @; is the sphericity of the particles in the packed bed
(Ps=1.0 for spherical particles), d, is the diameter of the vol-
ume equivalent spherical particle.

Prior to conducting petrophysical measurements, the
samples were cleaned using organic solvents (toluene and
methanol) to remove organic matter and salts trapped in the
pores, and then dried in an oven at 65 °C until their weight
stabilized. Measurements of air permeability, porosity, and
grain density were conducted using Keyphi equipment (per-
meameter-porosimeter) at a pressure of 800 psi.

Displacement tests were carried out using porous media
displacement equipment (see fig. 1a).

3. Results and discussion

The gelation times as a function of the mass ratio of the
mixed reagents are shown in table 1 below.

Table 1

Gelation time for GFS and RIA mixtures at different acid-
ity of the medium

Table 1 shows that when RIA is used at a concentration
of less than 10% (w/w), gelation occurs rapidly. When using
10-20 % (by weight) of the initiator, a gel is formed that does
not harden immediately, which satisfies the requirements.
When more than 20% (by weight) of the initiator is used, the
main properties of the resulting gel are not changed, and only
an excess amount of acid remains in the system, which leads
to additional costs. It was found that when 10% (by weight)
of GFS was used, the volume of the resulting gel reached its
maximum value, and a further increase in concentration did
not result in significant changes. Experiments have shown
that, in the presence of mineralized water, gel formation

Table 1
Gelation time for GFS and RIA mixtures
at different acidity of the medium
Concentration of mixed rea- | Gelation time pH
gents, % (in the same volume) at24 °C, hr | medium
1 GFS RIA
1 40 20 Immediately pH>7
2 20 10 Immediately | pH>7
3 15 10 Immediately pH>7
4 10 10 9-12 pH=3
5 10 15 16-18 pH<3
6 10 20 27-31 pH=<3
8 10 30 >42 pH<2

occurs immediately at a pH of 10, which creates technical dif-
ficulties in the bottomhole zone. At a pH of 3, gelation occurs
after 16-18 hours, which is advantageous for injection [32].

We also examined the change in pH of a mixture obtained
by adding RIA solutions in various ratios to a GFS solution of
varying concentrations. To 20 and 30 % (w/w) GFS solutions,
0.5-10 % (w/w) RIA solutions were added; the mixtures were
stirred, and the pH of the solution was measured imme-
diately. It was shown that when RIA was added to a GFS
solution, the salt was neutralized as a result of the reaction, a
thermogel was formed, and the pH of the medium decreased
to 1.5-2. When RIA is added to a 5% (by weight) GFS solu-
tion, the pH of the medium drops sharply, which is due to
an excess of initiator in the medium. Since the optimal pH
level for gel formation is 4-5, a mixture of a 10% (by weight)
GFS solution and a 10% (by weight) RIA solution can be
considered the optimal formulation [24]. When using an RIA
solution at a concentration exceeding 20% (by weight), the
pH of the medium drops sharply, which is undesirable. The
use of RIA solutions with concentrations of 15 and 20 % (by
weight) results in increased consumption and higher costs for
the chemical mixture, as well as additional reactions between
the rock and the initiator in the wellbore, which may cause
operational difficulties. To summarize, we conclude that a
solution prepared from a 10+2% (w/w) GFS solution and a
10-12 % (w/w) RIA solution in a 1:1 volume ratio is optimal
for the formation of a thermosensitive gel.

The gelation process between GFS solution and RIA was
carried out in two different ways:

1. Addition of the RIA solution to the GFS solution

2. Addition of GFS solution to RIA solution.

Experiments conducted using the first method —that is, by
adding the RIA solution to the GFS solution—showed that the
reaction did not proceed to completion. Specifically, gel forma-
tion occurred immediately upon adding the RIA solution, and
a heterogeneous phase formed in the system—a solid mass
was formed. This is because the density of the GFS solution
used (pers=1.39 g/cm?) is approximately 1.3 times higher than
that of the RIA solution (pria=1.05 g/cm?), and the pH of the
medium was alkaline. As a result, the gel forms in the surface
layer of the GFS where the GFS and the initiator come into con-
tact; however, because of its low density, the initiator does not
penetrate into the bulk of the GFS, and gel formation does not
occur in the volume. In experiments conducted in accordance
with the second rule—that is, by adding the GFS solution to
the RIA solution—the two components mixed very well and
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Fig. 1. a)A schematic diagram of the experimental setup;
b) the gelation time of mixtures as a function of formation temperature

completely, and prolonged acidification of the medium slowed
down the gel formation process [40, 41].

The results of a study conducted under laboratory condi-
tions examining the relationship between gelation time and
temperature are presented in figure 1b. It is well known that
the temperature dependence of the rate of a chemical reaction
is governed by Van't Hoff’s law, according to which the rate of
most chemical reactions increases by a factor of 2 to 4 for every
10 °C rise in temperature. Increase in temperature accelerates
the gelation process between RIA and GFS (fig. 1b).

As shown in figure 1b, raising the temperature from 20
to 60 °C reduced the gelation time by a factor of 5-6. At tem-
peratures above 60 °C, the gelation time is 1-2 hours, which
is favorable for the injection time after mixing the solutions.

Formation water from the Shurchi field was used to assess
the degree of permeability reduction in rock samples treated
with a thermally activated gelling mixture in a porous medi-
um. After passing the formation water through filter paper
with a pore size of 0.45 um, its dynamic viscosity and density
were determined as a function of temperature (figs. 2 and 3).

As can be seen from figures 2 and 3, the viscosity and
density of formation water decrease with increasing temper-
ature. This is due to a decrease in the intermolecular forces
resulting from the thermal motion of the molecules as the
temperature rises.

Displacement tests were conducted under conditions

22
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Fig. 2. Formation water dynamic viscosity
versus temperature

102

approximating those in the reservoir: a temperature of
51°C, a reservoir pressure of 1442 psi, and a backpressure of
420 psi at a constant flow rate. The process was carried out
in accordance with the following steps: complete saturation
of the sample (100%) with formation water under high vacu-
um conditions, followed by the injection of formation water
while recording the initial pressure drop values and perme-
ability measurement results. Next, 0.5 PV (pore volume) of
the first aqueous solution was injected, followed by 0.5 PV of
the second aqueous solution. The pressure drop and residual
resistance factor (RRF) were calculated during the injection
phase, after which the reservoir was held for 24 hours under
reservoir conditions. After 24 hours, formation water is rein-
jected at the same rate, the pressure drop is recorded, and the
residual recovery factor (RRF) is calculated following condi-
tioning. Once the first and second solutions have completely
drained from the porous medium, formation water is injected
until the pressure stabilizes and the flow rate at the outlet of
the rock sample equals the flow rate at the inlet. At this stage,
the value of the stabilized final pressure drop is recorded and
divided by the initial pressure drop to determine the residual
resistance factor (RRF):
AP;

PRF=—~L 8
AP ®)

The permeability is calculated from the Darcy’s law:

y =-0.0006x +1.1623
o R2=1.0000

Density, g/cc
L]
s

0 20 40 60 80 100 120
T, °C
®  Measured Density

e e e oo Extrapolated Density
~~~~~~~~~~~ Lineaire (Measured Density)

Fig. 3. Formation water density versus temperature
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Table 2
Displacement test results

Core | Porosity, g q
sample o K, mD | AP;, psi | AP;, psi | RRF
1 14 456 0.44 104 23.6
2 18 29 6.2 9.7 4.8
3 18 287 0.57 2.8 49
QuL
K=C==—
AP-S ©)

where, Q is the flow rate, cc/s; L is the sample length, cm; p is
the dynamic viscosity, cP; S is the cross-sectional area of the
sample, cm?; AP; is the initial differential pressure, psi; APy is
the final differential pressure, psi; K is the formation water
permeability, mD; C is the unit conversion constant.

The values of the residual resistance factor and pressure
drop for different injected pore volumes during formation
water injection into rock samples using gel compositions are
presented in table 2 and figures 4-6.

Tests of the effectiveness of the thermally activated
gel-forming mixture to limit water breakthrough showed that
the thermally activated gelling mixture used in this study
was successful in reducing the permeability and hence the
mobility ratio, resulting in better sweeping efficiency and
braking for water inflow (water breakthrough).

Simulation in COMSOL Multiphysics

Finally, we present the results of COMSOL Multiphysics
simulations of the water filtration process in a porous medium
treated with the proposed thermosensitive gel composition.

Using equation (6), derived from the swelling kinetics of
a confined gel, and equation (7), we visualized on COMSOL
Multiphysics the water filtration process in a porous medium
in which a thermoactivated gel was injected. The simula-
tion results are presented in figures 7 (a-d). The governing
equations in this simulation are the continuity equation,
Navier-Stokes equations for laminar flow [42]. The inlet fluid
velocity, and the outlet pressure was zero. Laminar flow (spf)
model was used for the filtration of water in porous media.
As can be seen, the filtration of water through treated with
thermally activated gel porous medium is much weaker
compared to untreated one and decreases with time. For sim-
plicity of calculations the following parameters were chosen:
gel concentration in porous medium c=1%, limiting degree
of swelling i =10, porosity of untreated porous medium
£1=0.2, permeability k;=0.534-10° m?, coefficient of propor-
tionality k’=1. The porosity and permeability of the porous
medium treated with thermoactivated gel change with time
as £,=0.09-0.1-¢e*and k, =k, -5, / (1 -&, )2, respectively.

As can be seen from figure 7, the rate of water filtration
through the porous medium decreases sharply with time,
which is due to the fact that the introduced thermally acti-
vated gel swells rapidly over time and blocks the pores of
the medium.

Field implementation of the technology

In field conditions the method of water flow isolation
is realized as follows. A calculated amount of reagents:
gel-forming agent and gel initiator is supplied to the well-
head. After the well is pressurized, light oil, gel-forming
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Fig. 4. The residual resistance factor and differential
pressure versus the injected pore volume for
the artificial core sample with the porosity 14%
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agent, light oil, gel initiator, light oil and technical water are Implementation of the proposed method was carried out
sequentially injected into the well. After the event, the well is  in the Kruk and Shurchi fields of Uzbekistan in 2024 and
stopped and the well is held for 20 hours, after which the well = 2025. Below are the results of the technology application at

is put into operation. five wells of the mentioned fields.
a) Time=0s Surface: Velocity magnitude (m/s) o b) Time=0.1s Surface: Velocity magnitude (m/s) L
m m
r 1 x107? r 1 x107?
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Fig. 7. Surface velocity plots of filtration processes for treated and untreated porous media with thermoactivated
gel at successive times t = 0.0 (a), 0.1 (b), 0.2 (c), 0.3 (d), 0.8 (e), 1.5 (f) and 3.0 (g) seconds
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m Oil production before treatment, t/day m Oil production before treatment, t/day
m Oil production after treatment, t/day M Oil production after treatment, t/day
B Water production before treatment, m3/day B Water production before treatment, m3/day
[ Water production after treatment, m3/day [ Water production after treatment, m3/day
Fig. 8. Results of field implementation of a method Fig. 9. Results of field implementation of a method

for limiting water inflow in the fields of Uzbekistan

Results of field implementation of a method for limit-
ing water inflow in the fields are shown in figures 8 and 9.
As can be seen from the figures, in all five wells there is a
decrease in water production and an increase in oil yield.

in February 2024 in January-February 2025

At the same time, in several cases (see fig. 8), oil production  well 89 in figures 8 and 9.

Conclusion

1. A new method of water shut-off in wells using a thermoactivated mixture of solutions of gelation initiator
and gelator with simultaneous acid treatment has been developed, which is effective in both terrigenous
and carbonate formations.

2. Implementation of the method at the Kruk and Shurchi fields showed that it allows to precisely control
the water shutoff process by regulating the gelation time achieved by temperature control and targeted
delivery of the mixture to the required depth of the formation.

3. Thermally activated gel-forming mixture proposed in this study allowed to reduce permeability and,
consequently, mobility ratio, which resulted in in better sweeping efficiency and braking for water inflow
(water breakthrough).

4. The water filtration process in a porous medium with thermally activated gel was simulated using
COMSOL Multiphysics.
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