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ABSTRACT

In-depth profile control is a crucial technique employed to enhance oil recovery in fractured-vuggy
carbonate reservoirs. However, it is a challenge to achieve in-depth profile control. In this paper, two
types of organic gel systems, namely s-MPG and MSRG, tailored for fractured-vuggy reservoirs with
140 °C and 22 x 10* mg/L have been developed. FTIR was used to analyze the functional groups of s-MPG
and MSRG. Additionally, the quality retention rates of s-MPG and MSRG were assessed using TG-DSC,
yielding results of 92.85% and 92.65%, respectively. The dilution rates of s-MPG and MSRG are found
to be 18.69% and 26.69%, respectively, demonstrating excellent compatibility and adaptability. The
enhancement performance depends on the synergistic effect that the anti-dilution s-MPG effectively
separates bottom water, while high-strength MSRG separates the oil layer. Moreover, the EOR perfor-
mances of s-MPG synergy with MSRG in various types of fractured-vuggy carbonate models were also
evaluated. The highest oil recovery of 12% is achieved in fracture network model. Laboratory results
indicate that the synergistic combination of s-MPG and MSRG for water plugging in fractured-vuggy
carbonate reservoirs results in a more effective enhancement of oil recovery compared to using a sin-
gle gel system for plugging. Finally, the s-MPG synergy with MSRG has been applied in actual fractured-
vuggy carbonate reservoirs. As expected, the water cut of typical well is reduced from 100% to 30% and
the increased oil production is 1142 t totally. Therefore, this study presents a novel approach to achieving
in-depth profile control by leveraging the synergistic effect of s-MPG with MSRG in fractured-vuggy
carbonate reservoirs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0).

1. Introduction

solution cave, fracture, and dissolution cavity, showing large scale
difference and significant heterogeneity (Wang et al., 2022a). The

Carbonate reservoir is an important oil and gas resource. At
present, proven oil and gas reserves account for 60% of the total oil
and gas resources in the word, which plays an important role in
increasing reserves and production of oil and gas reservoir re-
sources (Li et al., 2023; Wen et al., 2023). Tahe Oilfield is the first
100 million tons Paleozoic marine large oil field in China. Due to the
combined effects of structural deformation and rock mass disso-
lution, the reservoir space is mainly developed in the form of
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average burial depth of the reservoir ranges from 5000 to 7000 m.
Besides, the salinity of formation water is generally more than
20 x 10% mg/L and the content of calcium and magnesium ions is
more than 1.0 x 10* mg/L (Jiao, 2019; Wu et al., 2022b). After years
of water flooding and high-energy edge and bottom water influx,
the reservoir appears serious dominant channel, resulting in a large
amount of remaining oil which cannot be effectively mobilized.
Therefore, water control in fractured-vuggy reservoir is more
complicated than that in sandstone reservoir (Qu et al., 2018; Zhao
et al., 2020).

High molecular weight polymer gel is one of the main technical
method for profile control and water plugging (Wu et al., 2022a).
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Due to the high temperature and high salinity, many types of gel
systems have been facing serious problems such as dilution and
structural degradation, resulting in the gel losing its function in the
reservoir (Emad et al., 2021). Research indicates that most chemical
agents rely on van der Waals forces or hydrogen bonds to enable
the intersection and association of molecular chains, thereby
forming a 3D network structure (Parikh et al, 2023). The 3D
network structure can endure prolonged immersion in the water
phase without immediate dissolution. The identical electric charges
between molecular chains repel each other, which facilitates the
formation of more irregular network structures. Therefore, the gel
can dissolve in water phase to form a non-Newtonian fluid with a
specific breakthrough pressure gradient (Jothi Arunachalam and
Saravanan, 2023).

In order to restrain the rise of water cut, plenty of profile control
agents have also been developed in recent years. Wu et al. (2022a)
developed an anti-high-temperature and high-salinity polymer gel
that can maintain a dehydration rate of only 5% over a period of 30
days. Salunkhe et al. (2021) developed a kind of HT-PPG which can
withstand temperature of 150 °C for over 18 months. Khoshkar
et al. (2020) found that the nano-PPG can not only increase the
sweep efficiency of water flooding bus also improve the oil pro-
duction in low salinity water reservoirs. Lu et al. (2024) prepared a
novel modified nano-graphite hybrid polymer gel which is capable
of resisting temperatures up to a maximum of 154.9 °C. The nano-
graphite hybrid polymer gel exhibited remarkable bound water
contents as high as 21.14%. Du et al. (2023) found that the effects
and abilities of in-depth profile control can be further strengthened
by using dispersed particle gels (DPG) particles. Most gel systems
are evaluated only by cores plugging tests. However, there is a lack
of evaluation method related to dynamic plugging of gel system in
fractured-vuggy carbonate reservoirs. In addition, plenty of field
pilot tests show that the practical application effect of single gel in
fractured-vuggy carbonate reservoir is not ideal. Therefore, it is
necessary to further optimize the physicochemical properties of the
gel plugging agent on the basis of the previous research, and put

Table 1
AFW components for experiment.

Petroleum Science 22 (2025) 324—337

forward a method of synergistic application of the two plugging
agents.

In this manuscript, the self-healing multi-polymer gel (s-MPG)
and modified starch resin gel (MSRG) are prepared using aqueous
solution polymerization method. The prepared gels can adapt to
140 °C and 22 x 10* mg/L brine solution. The concentration of high-
temperature stabilizer cobalt chloride hexahydrate (CCH) used in
the preparing s-MPG is very low. Thus, the high-temperature sta-
bilizer can cause negligible damage to the formation. Besides,
polymers can degrade spontaneously in long-term high tempera-
ture environments and the aqueous solution of phenolic crosslinker
was also neutralized (Dong et al,, 2023; Wu et al., 2022a). The
amide group existing in MSRG can degrade with thermal oxidation
after a period time at high temperature. Therefore, the intermo-
lecular activity for both s-MPG and MSRG can gradually decrease
with the time during application in-situ, and eventually liquid will
be formed after complete failure (Wang et al., 2022b; Xu et al,,
2024).

In this work, the synergistic mechanisms of s-MPG and MSRG
for in-depth profile control in fractured-vuggy carbonate reservoirs
are proposed. FTIR and TG-DSC method are carried out to analyze
the gel structures, mass change, and thermal stability. The anti-
dilution properties of s-MPG and MSRG are also evaluated. The
several typical structural models of fractured-vuggy reservoirs are
designed and manufactured to reveal the EOR mechanisms and
effects. Eventually, the pilot test in the Tahe Oilfield is conducted to
confirm the abilities of s-MPG and MSRG in-depth profile control.

2. Experimental

2.1. Preparation of self-healing multi-polymer gel and modified
starch resin gel

Self-healing multi-polymer gel (s-MPG) is prepared using
polymer AP-1 (AM-co-AMPS, provided by SNF Co., Ltd., China),
water soluble phenolic resin crosslinker HP-JL, thiourea stabilizer

Ingredients, mg/L

Total salinity, mg/L

NaySO4 NaHCO3 NaBr Nal MgCl, CaCl,
234.375 49.923 231.75 11.7 201940.4 9598.95 36281.19 2383483
Table 2
Similarity criterion (Yang and Zhang, 2022).
Similar condition Similarity formula Physical meaning Similarity coefficient
Geometric similarity m =d/l Ratio of vuggy diameter 1
T = B/1 Ratio of aperture 1
Dynamic similarity Fc = AP(pogd) Ratio of injection pressure to gravity 1.01-1.04
Re = pul/n Ratio of inertia force to viscous force 1
Kinematic similarity Fq =Q/(r%u) Ratio of liquid production to injection 1.01-1.04
Similarity of characteristic parameters my =§ Coordination number 1
m =1 Filling degree 1
Table 3
Design of physical simulation parameters based on similarity criterion.
Vuggy diameter d,  Pressure P, Viscosity u, Density p, g/ Acceleration g, m/ Velocity Q, m®/ Aperture B, Coordination
cm kPa mPa-s cm’® s? h mm number
Reservoir 500—-2500 =45000 =100 0.87—-0.92 9.8 1-15 0.5-5 3-20
Physical model 0.5-16 1000 70—-80 0.81-0.85 9.8 0.0003—-0.0006 1-3 3-20
Similarity 166.67—200.00 45 1.25 1.07 1 2500—-3333 1.67-2.00 1

coefficient
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Fig. 1. Physical simulation models of different types. Theoretical and physical models of fracture network (a, b), fragmentation zone (c, d), fractured-vuggy (e, f), and karst-cave (g,
h), respectively.
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Fig. 2. Schematic diagram of the physical simulation experiment.

HP-W]J, weak acid accelerator HP-C], and CCH (cobalt chloride
hexahydrate). HP-JL, HP-W], and HP-C] are purchased from Haipeng
Chemical Technology Co., Ltd., China. CCH is provided by Aladdin
Biochemical Technology Co., Ltd., China. Briefly, 0.8 wt% AP-1 is
fully dissolved in artificial formation water (AFW). Then, 0.5 wt%
HP-]JL, 0.3 wt% HP-W], and 0.5 wt% HP-C] are added to the polymer
solution in turn. After all agents are completely dissolved, 0.1 wt%
CCH is added last. The ionic composition of AFW is shown in Table 1.

Modified starch resin gel (MSRG) is prepared using carbox-
ymethyl modified starch MS-3, acrylamide (AM), N-methylidene
bisacrylamide (MBA), BPO, ammonium persulfate (NH4),S,0g, and
Na,SO0s. Briefly, 4.0 wt% MS-3 is fully dissolved in deionized water.
Then, 4.0 wt% AM is added to the starch solution. Finally, 0.1 wt%
MBA, 0.05 wt% (NH4),S,0s, and 0.1 wt% Na,SO3 are added in turn.

2.2. Property characterization

The microstructure morphology of s-MPG and MSRG are char-
acterized using EVOMA15/LS15 scanning electron microscope
(SEM) (ZEISS, Germany). Besides, 80V infrared spectrum analyzer
(Brooke, Germany) is used to analyze the functional groups of s-
MPG and MSRG. Moreover, TG-DSC synchronous thermal analyzer
(Mettler-Toledo, Switzerland) is used to characterize the tempera-
ture tolerance of bulk gel.

2.3. Dilution and compatibility properties of s-MPG and MSRG

The salinity of formation water in fractured-vuggy carbonate
reservoir is generally higher than 20 x 10* mg/L and the energy of
edge and bottom water is also very strong. Therefore, it is necessary
to characterize the resistance to dilution and compatibility of s-
MPG and MSRG. Briefly, the gel solution prepared with
24 x 10* mg/L AFW is poured into a beaker and gelatinized at high
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temperature. And then, 10 g of bulk gel is taken out to be soaked in
AFW. The interface between bulk gel and AFW can be obviously
observed. The resistant dilution property of s-MPG and MSRG can
be analyzed. Moreover, the synergistic effects of s-MPG and MSRG
in AFW are also evaluated.

2.4. Physical simulation experiments

2.4.1. Design and manufacture of physical models

The similarity formula is shown in Table 2. Different types of
fractured-vuggy models are designed while the key similarity co-
efficient is as close to 1 as possible. The model parameters are
shown in Table 3.

The matrix permeability of physical model is less than 0.01 mD
and the size of physical model is 20 cm x 20 cm x 4 cm. Reservoir
types can be divided into fracture network, fragmentation zone,
fractured-vuggy and Kkarst-cave reservoirs. Fracture network
reservoir develops micro-fractures in the form of multi-channel
coning. Fragmentation zone reservoir develops main faults and
secondary faults. Fractured-vuggy reservoir mainly develops frac-
ture dissolution zone including hole edge cracks, bottom cracks and
multi-fracture holes in parallel. Karst-cave reservoir exists in the
form of isolated sinkholes. Various theoretical models and designed
physical models are shown in Fig. 1.

2.4.2. Experimental processes

(1) Vacuum the model for 6 h. Record the saturation volume of
water and oil. Then, put these physical models in a high
temperature oven for 5 days.

(2) Water flooding is carried out at 5—10 mL/min until the water
cut is more than 98%. Then, a certain amount of gel solution is
injected into the physical model at 5 mL/min. In order to
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Fig. 3. Morphologies of s-MPG and MSRG bulk gel. (a) s-MPG; (b) SEM of s-MPG; (c) MSRG; (d) SEM of MSRG.

@ 60 1 s-MPG (b) 60 1 —— MSRG
X X
© 404 © 40 A
o o
{ == | =
£ £
€ €
g 20 2 5
o o
[= [=
—~COOH 6 3420 _OH 1672 CH: ::018
01 30 157077 150 T 1042 oy ° o e0
4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave, cm~! Wave, cm™!
Fig. 4. FTIR results of bulk gel system. (a) s-MPG; (b) MSRG.

prevent bulk gel plugging the pipeline, a small amount of (3) Secondary water flooding is injected at 5—10 mL/min after s-
water is injected to clean the pipeline after finishing the gel MPG or MSRG gelation. The secondary water flooding is
solution injection. The physical model is aged at high tem- stopped when the water cut is more than 98%. The schematic
perature for 5 days until the gel solution is gelatinized. diagram of physical simulation experiment is shown in Fig. 2.
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Fig. 5. TG-DSC results of bulk gel system. (a) s-MPG; (b) MSRG.

3. Results and discussion

3.1. Morphologies and physicochemical properties of s-MPG and
MSRG

The synthesized s-MPG and MSRG bulk gel are shown in Fig. 3.
The pre-processed solution is transferred into an oven and heated
for 4 h at 140 °C to form s-MPG bulk gel as shown in Fig. 3(a), and
the SEM microstructure of s-MPG is shown in Fig. 3(b). The MSRG
bulk gel takes 3 h to gel at 140 °C, as shown in Fig. 3(c), and the SEM
microstructure of MSRG is shown in Fig. 3(d). Based on the SEM
images in Fig. 3(b) and (d), it can be determined that s-MPG and
MSRG have a relatively stable 3D network dense structure after
gelation, which can effectively form a stable gel respectively, and
both of them have the basic morphology and performance suitable
for profile control in-situ.

The functional groups of s-MPG and MSRG are characterized
using FT-IR, as shown in Fig. 4 s-MPG gel (Fig. 4(a)) has a charac-
teristic absorption peak at 3211 cm~!, which is ascribed to the
strong polymer amide groups (—CONH>). Besides, an obvious ab-
sorption peak of free carboxyl group (—COOH) around 3500 cm™!
occurs (Bode et al., 2013). Besides, high intensity absorption peak
occurs at 1570 cm~! due to the C=0 bond. The absorption peaks
ranging from 1410 to 1450 cm™! are owing to the strong bending
vibration of —CH; bond and —C—N—H— bond (del Prado et al., 2019;
Garcia Lodeiro et al., 2009). The high intensity absorption peak at
1042 cm™ ! is ascribed to C=0 bond and the peak at 816 cm™! is due
to the bending vibrational —SOsH bond (Xia et al., 2021). In
conclusion, s-MPG is mainly composed of amide group and sulfo-
nate group, and also contains cross-linking agent and other small
molecular stabilizers, which improves the salt resistance of s-MPG.

The FTIR diagram of MSRG is shown in Fig. 4(b). There is a strong
absorbance peak in 3420 cm~! which is due to the —OH functional
group. Besides, a high intensity absorption peak of —CONH, group
occurs at 3180 cm~! and hydroxyl groups are associated in the vi-
cinity of 2925 cm~! (Leng et al., 2023). In addition, the absorption
peak at 1672 cm~' can be attributed to C=0 bond in —COO—
functional group. Moreover, the absorption peak at 1457 cm™' is
owing to the —CH; bond in —CONH,, group. The absorption peaks at
1160 and 1018 cm™! are ascribed to the C=0 bond and the char-
acteristic absorption band at 935 cm~! can be attributed to the
epoxide compound (Deng et al., 2023; Liu et al., 2017). In conclu-
sion, MSRG is not easy to be eroded by formation water due to the
presence of epoxy compounds.

Fig. 5 shows the TG-DSC results of s-MPG and MSRG. Fig. 5(a)
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indicates that the mass retention of s-MPG gel is 92.85% at 140 °C,
showing excellent temperature resistance. Only adsorbed water
can be evaporated at 140 °C and the main molecular chain cannot
be degraded. When the temperature goes up to 355 °C, the hy-
drophilic groups are decomposed significantly and the thermal de-
polymerization reaction is intensified. The C=0 bonds in amides
and carboxyl groups are broken due to the increase of temperature,
which leads to the cleavage of the main molecular chains. DSC re-
sults demonstrate that state of s-MPG changes gradually from
glassy state to high elastic state at 104 °C. When the temperature
reaches 150 °C, the curing enters exothermic state and the mass
retention dramatically decreases. The molecular chain of the hy-
drophilic group is broken and the dehydration is intensified when
the temperature is 355 °C. When the temperature comes to 540 °C,
s-MPG is decomposed into gaseous state. Combined with the re-
sults of TG, the cleavage rate of the main molecular chains has
begun to slow down after entering gaseous state, leading to the fact
that s-MPG is dehydrated and degraded. In conclusion, s-MPG
shows an excellent temperature resistance to adapt the ambient
temperature of the target reservoir.

Fig. 5(b) shows the TG-DSC results of MSRG. The mass retention
of MSRG gel is 92.65% at 140 °C, representing that MSRG gel has
little weight loss below 140 °C. The phenomenon can be ascribed to
the evaporation of adsorbed water and bound water (Firoozmand
et al., 2007; Serrero et al., 2010). When the temperature increases
to 200 °C, the thermal de-polymerization rate of MSRG accelerates.
The thermal de-polymerization rate gradually slows down until the
temperature exceeds 500 °C (Garai et al., 2006; Kim et al., 2023; Liu
et al., 2017). Finally, the intermolecular loss is almost the same as s-
MPG. DSC results indicate that state of MSRG changes gradually
from glassy state to high elastic state at 76 °C. When the temper-
ature reaches 160 °C, the curing enters the exothermic and the mass
retention sharply decreases. Once the temperature goes up to
200 °C, the molecular chains of the hydrophilic groups are gradu-
ally broken and the dehydration is intensified (Worzakowska and
Torres-Garcia, 2017). When the temperature exceeds 500 °C,
MSRG is decomposed into gaseous. MSRG still meets the target
reservoir's temperature of 140 °C even though MSRG enters the
melting state earlier than s-MPG.

3.2. Properties of dilution resistance and compatibility

The dilution resistance of s-MPG and MSRG is evaluated because
the edge and bottom water energy is very strong in fractured-vuggy
carbonate reservoir. The contact state between high salinity AFW
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Fig. 6. Contact between gel system and AFW. (a) Before s-MPG aged; (b) After s-MPG aged; (c) Before MSRG aged; (d) After MSRG aged; (e) AFW-MSRG-oil before MSRG aged; (f)
AFW-MSRG-oil after MSRG aged.

and s-MPG or MSRG gel solution in a vessel is prepared while the into an oven with 140 °C. The experimental results are shown in
contact state among high salinity AFW, MSRG gel solution and Fig. 6.
crude oil is also prepared in a vessel. Finally, those vessels are put As is shown in Fig. 6(a)—(d), s-MPG and MSRG contact with AFW
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Table 4
Anti-dilution ability of s-MPG and MSRG.

Petroleum Science 22 (2025) 324—337

Gel Bulk gel, g Time, h AFW, g AFW after diluted, g Poor quality, g Dilution rate, %
s-MPG 10.18 3 103.57 104.48 0.91 8.94
9.77 12 99.82 101.34 1.52 15.56
11.45 24 102.16 104.30 2.14 18.69
MSRG 9.95 3 100.64 102.15 1.78 15.18
9.87 12 101.25 103.23 2.61 20.06
10.92 24 100.06 102.92 2.86 26.19
Fig. 7. Compatibility between s-MPG and MSRG in different order. (a) MSRG + s-MPG; (b) s-MPG + MSRG.
Table 5

Experimental parameters of different physical simulation models.

Physical simulation model Saturated volume, mL

Injection volume, PV Injection rate, mL/min

Crude oil AFW s-MPG MSRG

Fracture network 90 110 0.12 0.13 5
0.25 /

Fragmentation zone 60 70 0.11 0.12 5
0.23 /

Fractured-vuggy 140 160 0.14 0.14 5
0.28 /

Krast-cave 230 220 0.15 0.15 10
0.30 /

directly before aged. When s-MPG and MSRG are completely gelled,
the cohesiveness of the gel separates it from AFW, respectively.
Besides, Fig. 6(e) and (f) indicates that the addition of crude oil has
no effect on the formation of gel because it keeps the contact state
of AFW-MSRG gel solution-crude oil all the time. The poor quality
method is used to further evaluate the dilution resistance of s-MPG
and MSRG. Briefly, weigh 10+2 g of s-MPG and MSRG, and then add
them each to 100 g of AFW, respectively. The s-MPG mixture and
MSRG mixture are placed into oven with 140 °C for different time
(3,12, and 24 h) and then taken out for observation. Experimental
results indicate that the dilution degree of s-MPG and MSRG are
about 18.69% and 26.19% after 24 h, respectively, as shown in
Table 4.

In the process of the transition from high viscosity liquid to
viscoelastic colloid, dense cross-linking sites are formed among the
molecular chains in the gel structure (Dong et al., 2023; Zhang et al.,
2023). s-MPG and MSRG show stronger cohesion due to the
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formation of 3D network structure causing by cross-linking asso-
ciation of functional groups. According to dilution rate from Table 4,
the saturation degree of AFW in s-MPG structure is lower than that
in MSRG structure. Therefore, s-MPG has the better ability in water
control than that of MSRG.

Considering the dilution resistance and advantages of s-MPG
and MSRG, an experiment on the compatibility of s-MPG and MSRG
collaborative application is conducted. s-MPG and MSRG with same
quality are used together to block AFW in an oven at 140 °C, as
shown in Fig. 7.

As can be seen from Fig. 7, s-MPG synergy with MSRG has
obvious layering phenomenon. While MSRG synergy with s-MPG
has no obvious layering phenomenon. The network structure of s-
MPG is supported by polymer and phenolic cross-linking agent
while metal ion compounds are regarded as stabilizers (He et al.,
2023). Thus, s-MPG has smaller pore spaces, stronger cohesion
and better intermolecular association. When s-MPG contacts with
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AFW, both the hydrophobic association and salinity resistance are
improved. However, the structure of MSRG is mainly supported by
gelatinized starch and AM. During this reaction processes, the
strength, stiffness and thermal stability of MSRG can be improved
by the addition of hydrogen bond in carboxyl group (Li et al., 2021;
Lvetal, 2023; Wan-En et al., 2023). When the pressure is applied to
the upper and lower layers at the same time, the gel easily reaches
the supersaturated state, resulting in a decrease in MSRG stability.
Besides, the osmotic pressure of intermolecular in MSRG is weak,
which also weakens the structural strength of MSRG. Research
found that, s-MPG is consist of polymer, phenolic cross-linking
agent, and other metal ion compounds. The polymer has signifi-
cant pseudo-plasticity, thickening, shear reversibility, and thixo-
tropic properties (Cancela et al., 2022; Du et al., 2021). The cross-
linking groups of the polymer and the cross-linking agents react
with each other by fusion, forming covalent, ionic or coordination
bonds of different degrees, and forming a gel with a reticular
structure at the ambient temperature, which improves the spatial
positional resistance stability of the s-MPG gel system (Wu et al.,
2022a). However, MSRG is consist of pre-gelatinized modified
starch, AM, and agent containing reactive free radicals. Compared
with s-MPG, it has good swelling, hydrophilic, and biodegradable
properties. Meanwhile, the fundamental gelation mechanisms of s-
MPG and MSRG are different, i.e., the gelation of both them will not
interfere with each other. That is reason why s-MPG is more
resistant to dilution than MSRG.

In addition, the experiments in Fig. 7 are conducted at in a
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140 °C oven. According to the deeper the formation and the higher
the temperature in the reservoir environment, the temperature
gradient of a fractured-vuggy reservoir is about 2.2 °C/100 m.
Hence, 140 °C represents about 6300 m underground in the
reservoir. In conclusion, the synergy of s-MPG and MSRG can play a
better in-depth profile control.

3.3. Physical simulation experiments

In this section, all of fractured-vuggy physical simulation models
are saturated by crude oil and AFW, and then primary water
flooding into model to displace crude oil until water cut exceeds
98%. Subsequently, s-MPG and MSRG are injected by constant ve-
locity respectively with different volumes to each physical model.
Then, secondary water flooding is conducted after each of gel sys-
tem aged for several days. The experimental scheme is shown in
Table 5. In order to verify the fact that s-MPG synergy with MSRG
has better plugging efficiency than a single plugging agent, the
same volume of s-MPG is also injected to each physical model.

3.3.1. Fracture network model experiment

Fig. 8(a) shows that the lowest water cut is 72% during sec-
ondary water flooding after s-MPG plugging and the oil recovery
increases from 56.11% to 63.67%. Fig. 8(c) indicates that the lowest
water cut is 64% during secondary water flooding after s-MPG
synergy with MSRG plugging and the oil recovery increases from
54.78% to 67.11%.
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Fracture network reservoir has several characteristics: many
fracture channels, strong bottom water energy, profile control and
water plugging measures have high efficiency. After water plug-
ging, the upper water channel is effectively suppressed and the
remaining oil in the secondary channel is also mobilized. s-MPG has
excellent thermal stability, dilution resistance, and erosion resis-
tance in harsh conditions of high temperature and high salinity. On
this basis, the addition of high-pressure-resistant and high-
strength MSRG gel with condensation effect provides a better
breakthrough pressure. Therefore, water plugging using s-MPG
synergy with MSRG in fracture network reservoir can realize the
water flow dominant channel plugging in the reservoir.

3.3.2. Fragmentation zone model experiment

Fig. 9(a) shows that the lowest water cut is 68% during sec-
ondary water flooding after s-MPG plugging and the oil recovery
increases from 61.43% to 68.86%. Fig. 9(c) indicates that the lowest
water cut is 70% during secondary water flooding after s-MPG
synergy with MSRG plugging and the oil recovery increases from
59.86% to 69.71%.

Fig. 9 demonstrates that the plugging effects of s-MPG is not as
good as that of s-MPG synergy with MSRG, and the difference in oil
recovery is about 2.5%. Fragmentation zone model shows several
characteristics: wide distribution space, multi channels, complex
fracture and irregular distribution. The water channeling in frag-
mentation zone model is single, and the scale of the main fracture is
relatively large. The collaborative use of s-MPG and MSRG can
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expand the swept volume, improve the plugging strength, plug part
of the upper water channels and restrain the coning of bottom
water. The s-MPG can be adsorbed on the rock surface to adjust the
mobility ratio of water—oil in the formation due to its resistant to
dilution, erosion and good fluidity. Therefore, the strength of sub-
sequent MSRG can be guaranteed, leading to a fact that strong
bottom water can be prevent. Therefore, more remaining oil
distributed in the secondary channel in the fragmentation zone
reservoir can be significantly mobilized using s-MPG synergy with
MSRG.

3.3.3. Fractured-vuggy model experiment

Fig. 10(a) shows that the lowest water cut is 76% during sec-
ondary water flooding after s-MPG plugging and the oil recovery
increases from 58.81% to 63.75%. Fig. 10(c) indicates that the lowest
water cut is 78% during secondary water flooding after s-MPG
synergy with MSRG plugging and the oil recovery increases from
57.19% to 65.31%.

Fig. 10 demonstrates that the plugging effects of s-MPG is not as
good as that of s-MPG synergy with MSRG, and the difference in oil
recovery is about 3%. Fractured-vuggy reservoir has several char-
acteristics: large storage space and high permeability, fracture
development and large bottom water energy. Therefore, the plug-
ging agent should not only ensure the plugging strength, but also
have an equivalent bulk breakthrough pressure. In fractured-vuggy
reservoir, water plugging using s-MPG synergy with MSRG can plug
water channeling to restrain the bottom water energy and
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Fig. 10. Oil recovery and remaining oil distribution in fractured-vuggy model. (a, b) s-MPG; (c, d) s-MPG + MSRG.

communicate secondary channels. The oil recovery can be also
improved in the fractured-vuggy reservoir although the water
control and oil increasing technology is more difficult to apply in
fractured-vuggy reservoir than in fragmentation zone reservoir.

3.3.4. Karst-cave model experiment

Fig. 11(a) shows that the lowest water cut is 67% during sec-
ondary water flooding after s-MPG plugging and the oil recovery
increases from 61.48% to 64.78%. Fig. 11(c) indicates that the lowest
water cut is 59% during secondary water flooding after s-MPG
synergy with MSRG plugging and the oil recovery increases from
59.91% to 65.14%.

Fig. 11 demonstrates that the plugging effects of s-MPG is not as
good as that of s-MPG synergy with MSRG, and the difference in oil
recovery is about 2%. The plugging effect in karst-cave reservoir is
lower than that in other types of reservoirs, resulting in a lower oil
recovery. Combined with the understanding of carbonate reservoir
geological conditions, it is considered that the bottom water energy
in karst-cave reservoir is larger than that in other types of reser-
voirs. Therefore, it is necessary to develop a kind of water plugging
agent with high strength so that the gel can stay stable at the
oil—water interface after gel solution diffusion and also the formed
colloid wall is not too thin to be broken by strong bottom water
energy. In addition, bulk gel cannot be gelatinized effectively due to
the large volume of karst-cave reservoir space. Thereby, it is diffi-
cult to control the bottom water coning in karst-cave reservoir by
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increasing the dosage and concentration of plugging agents.

3.4. Adaptability analysis of water plugging in fractured-vuggy
reservoir

Fractured-vuggy carbonate reservoir has large scale space and
complex flow characteristics. Besides, bulk gel can expand in water
and shrink in crude oil, and also can adsorb on the rock surface (Jin
et al, 2021). Therefore, water plugging should meet the
Navier—Stokes equation of hydrodynamic motion (Chen and Zhang,
2023), and the motion equation is as follows:

oap

_)_
at +V-pav =0

(1)
where « is the volume fraction of fluid, %; p is the density of fluid,
kg/m>; 7 is the velocity of fluid, m/s.

The gel, a continuous non-Newtonian fluid, can accumulate
continuously during the migration process, leading to the
formation-force and reaction-force with other fluids. According to
Newton's second law, the forces of gel mainly include gravity, the
interaction force between two kinds of gel solution and the inter-
action force between gel system and fluid (Ji et al., 2023). Especially,
the drag force is produced between the two phases moving relative
to each other. Therefore, the equation for describing the gel system
motion can be expressed in Eq. (2):
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m%:FD+Fg+ZF,~ (2)
where vp is the velocity of gel migration, m/s; Fp is the drag force of
fluid, N; Fg is the force of gravity, N; F; is the force between gel
solutions, N.

The gel system meets the momentum conservation equation in
the process of fluid motion, as shown in Eq. (3):

n
v

d(apv)

Fra (papv) = —Vp+V - (uavv') + pag —

(3)
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where g is the gravitational acceleration, m?/s; u is the fluid vis-
cosity, kg/(m-s); V is the unit volume, m>.

The reservoir with larger fracture width has higher permeability
and flow capacity, leading to a fact that water phase has better
fluidity than oil phase, so the water phase is mostly distributed in
the high permeability zone with large fractures. During the process
of water plugging, the migration ability of gel solution can be
improved more easily in larger fractures. The gel solution enters the
fractures to form high strength bulk gel, s-MPG synergy with MSRG
for in-depth profile control in fractured-vuggy carbonate reser-
voirs. It can improve the probability of the gel system squeezing
into the large fracture, and then control the dominant channel and
then improve the plugging efficiency and long-term thermody-
namic stability. Subsequently, secondary water flooding can expand
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the swept volume and mobilize the secondary channels. The
theoretical diagram is shown in Fig. 12.

4. Application in high temperature and ultra-high salinity
reservoir in-situ

TKX34 well in a fractured-vuggy reservoir of Tahe Oilfield is a
small-scale multi-cave well, each cave is connected by fractures,
and the main oil reservoir is karst-cave. Because a strong bottom
water cone is easily to form in TKX34 well, majority of plugging
agents is washed by the bottom water for a long time and the
breakthrough pressure reaches the upper limit prematurely, which
leads to rapid failure. Towards in-depth profile control using
100 m> s-MPG synergy with 100 m> MSRG in TKX34 well. Visco-
elastic fluid of s-MPG solution migrates intermittently to keep the
wide spread range, which results in a good dilution resistance.
Purely viscous fluid MSRG slowly accumulates in the dominant
channel of water flow, forming a high-strength colloidal wall.
Shutoff TKX34 wellhead at least 7 days after s-MPG and MSRG were
injected, until the profile control agents aged and gelated
completely. As expected, the water cut decreased from 100% to 30%
and crude oil production increased by 14 t/d when the TKX34 well
was open again. Finally, the stage cumulative crude oil production
was 1142 t. The dynamic production curve is shown in Fig. 13.

5. Conclusions

(1) s-MPG is based on the copolymer of sulfonate group and
amide group as main chain, high temperature stabilizer was
be added to improve molecular chains and maintain stability,
steric hindrance will increase based on hydroxymethylation
reactions and intermolecular interactions, the 3D structure of
s-MPG will be denser.

(2) MSRG uses modified starch and AM graft polymerization to
improve molecular chain stability. The dehydration and
condensation effects can improve the molecular efficiency of
bound water. Peroxide initiators can improve the mutual
association between molecular chains and stabilizes the
connection of chemical bonds.

(3) At 140 °C, the quality retention rate of s-MPG is 92.85% and
MSRG is 92.65%. In 24 x 10* mg/L high salinity water, the
dilution rate of s-MPG is about 18.69% and MSRG is about
26.69%. s-MPG synergy with MSRG in fractured-vuggy car-
bonate reservoirs has good compatibility and adaptability
due to a fact that anti-dilution s-MPG can separate bottom
water and high strength MSRG can separate oil layer.
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(4) Compared with single gel plugging fractured-vuggy reser-
voirs, the s-MPG synergy with MSRG plugging is better for
enhanced oil recovery. The oil recovery in fracture network
reservoir is increased by 12%, the oil recovery in fragmen-
tation zone reservoir is increased by 10%, and the oil recovery
in fractured-vuggy reservoir and karst-cave reservoir are
increased by 8% and 5%, respectively.

s-MPG synergy with MSRG can better stabilize the gel
structure to block the fracture channel, weaken the bottom
water energy erosion, adjust the oil-water flow space, and
inhibit water content in fractured-vuggy carbonate reser-
voirs. Production data of Well TKX34 shows that, the water
cut is reduced from 100% to 30%, and the cumulative oil
production increases to 1142 t.

(5)
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