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The malignant leakage of complex formations seriously restricts the drilling time and
has become a major drilling technical problem that needs to be solved urgently at this
stage. In particular, the malignant leakage of large fractures and fractured formations is
difficult to construct, and the success rate of plugging is low. In this paper, according to
the above formation conditions, by analyzing the leakage mechanism of the malignant
leakage formation, the method of plugging the large fractures and broken fractured
formations is summarized. The adiabatic copolymerization co-hydrolysis method was
used as the gel synthesis method, 2-methacrylic acid amide and acrylamide (AM) were
used as the main raw materials, and the redox initiation system composed of sodium
sulfate and sodium bisulfite was used as the initiator. Using its redox initiation
characteristics, high-strength bonding between organic polymer covalent bonds
was achieved by a self-made cross-linking agent; using the thermoplasticity of
hot-melt adhesive, the initiator is wrapped in hot-melt adhesive particles to
achieve high-temperature slow-release initiation, and finally, a gel plugging agent
with good compatibility with drilling fluid, controllable gel formation time, stable gel
formation, and good gel breaking performance was synthesized, which is suitable for
severe lost circulation under high-temperature and high-pressure conditions. A
compatibility study of gel and common drilling fluid systems, the effect of
temperature on gel formation, gel rheological properties under high temperature
and high pressure, gel start-up pressure, and gel breakability tests were evaluated
under laboratory conditions. The experimental results show that the gel has good
compatibility with common drilling fluid systems; with the increase of temperature,
the gel time of the gel plugging agent gradually decreases, and the gel time can be
adjusted from 1 to 3 h at a high temperature of 150°C; when the concentration of the
gel in the experimental slurry exceeds 2%, its rheological properties change abruptly;
under certain conditions, the starting pressure of the gel can reach up to 6.5 MPa; and
under the condition of 150°C, the gel breaking rate was over 98% after 24 h. Various
experiments show that the gel's performance meets the requirements for plugging
malignant leakage formations, and the effect is good. Compared with traditional gel
materials, the gel plugging agent synthesized in this paper has the characteristics of a
simple configuration process and superior performance with drilling fluid, which
provides a new idea for malignant leakage plugging.
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Introduction

Loss of circulation is a phenomenon where various working
fluids (including drilling fluid, cement slurry, completion fluid,
and other fluids) leak into the formation under the action of
pressure differences during various downhole operations such as
drilling, cementing, and testing (Fan et al., 2018). The “vicious
leakage” mainly refers to the phenomenon where the mud
pumped into the wellbore has no circulation and no return
during the drilling process. It has the characteristics of high
leakage speed, huge leakage, difficult leakage processing, and easy
recurrence of leakage. Malignant leakage mainly occurs in karst
formations and fractured formations with large widths (Zhou
et al., 2012). Half of the widths of wide fractures are more than
millimeters, and even some fractures can reach about 10 mm in
width; the underground voids of karst strata are much larger than
wide fractures malignant leakage will seriously restrict the
drilling speed during the drilling process. In particular, the
malignant leakage that occurs in complex formations often
requires long-term, multiple times, multiple methods, and
multiple leakage plugging construction, which is inconsistent
with the drilling goal of “safety, high quality, high efficiency, and
economy” (Li and Xiang, 2020). The malignant leakage in
complex formations has become a major drilling technology
problem that has not been fully solved in the current stage. The
study believes that for micro and narrow fractures, the use of
irregular rigid and flexible plugging materials has a better effect;
for large fractures and fractured formations, inorganic plugging
materials are difficult to construct, the plugging success rate is
low, it is difficult to significantly improve the pressure bearing
capacity of the formation, the cost of plugging is high, and it is
difficult to deal with the plugging of malignant leakage in
complex formations (Du et al., 2019).

With the continuous emergence of new materials and new
technologies in the petroleum industry, the gel plugging
materials have been improved and wupgraded for the
malignant leakage of the complex formation. Jianshan (2019)
takes the rigid aromatic ring as the main body of the structural
unit and develops the SMSHIELD intelligent gel plugging agent
with the carbon-nitrogen bond, carbon-carbon bond, and
other chemical bonds with high stability and outstanding
the
characterized by strong deformation and easy formation, and

rigidity as main chain. Such gel materials are
they could effectively bond the components in the mud cake
and fully fill all spatial positions of the mud cake to make it
denser. Such intelligent gel can be combined with other treating
agents, but they were not compatible with the drilling fluid of
other systems. Suming et al. (2007) have developed a pressure-
bearing delay plugging agent, OC L-GYDL. Such a plugging
agent has a strong pressure bearing capacity, and the gel time is
adjustable. However, it could not be consistent with high
temperature; therefore, it could not be applied to high-

temperature formations.
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In view of the deficiency of the above gel plugging materials
that need the cooperation of a mud system and are not resistant
to high temperatures, a new gel plugging material, ZND-6, is
developed. The gel is compatible with the general water-based
drilling fluid, and it can be mixed with the drilling fluid on the
ground to maintain the relatively low viscosity. It may enter the
target formation with the drill pipe pump and utilize the
temperature of the formation within a specified time to form
a gel polymer with certain strength so as to block the formation.
Its performance is superior to that of the general gel, and it has
features such as a controlled gelling time, high temperature
resistance of 150°C, good pressure bearing capacity, efc. It
solves the problem of the compatibility of the general loss-
stopping agent with the leakage fracture size and can
effectively block the malignant leakage caused by large
fractures and broken formations.

Gel synthesis
Reagent and main instruments

Acrylamide (AM), analytically pure (Elsharafi and Bai, 2017);
initiator (self-made); 2-methacrylic acid amide, analytically pure;
sodium hydroxide (NaOH), analytically pure; deionized water;
sodium persulfate (Na,S,0g), analytically pure (Zhao et al,
2018); sodium bisulfite (NaHSO;), analytically pure; sodium
(NaySOy),
analytically pure; surfactant OP-10, analytically pure.

FFD-50 adiabatic reactor; 85-1 magnetic stirrer; HHS-11-
6 electric water bath; GJD-B12K variable-frequency and high-
speed mixer; Granulator.

sulfate analytically pure; sodium formate,

Synthesis

The synthesis method of gel is the adiabatic copolymerization
co-hydrolysis method. This method does not require a separate
hydrolysis operation, which not only reduces the production cost
but also saves the production cycle. The steps of preparing gel by
adiabatic copolymerization co-hydrolysis are as follows.

First, 2-methacrylic acid amide and acrylamide were added to
an adiabatic reactor according to a certain feed ratio. According
to the requirements of gel fluidity, the acrylate monomer was
added, deionized water and instant additives were added, and an
appropriate amount of alkali was added to adjust the pH value of
the system. After stirring, a monomer solution with a
concentration of 35% was formed. Then the solution was
controlled to the polymerization temperature (40°C) (Kumar
etal, 2014), and an initiator was added after removing oxygen by
nitrogen. After adiabatic polymerization for 8 h (Barreira and
Negrio, 2017), the colloid was taken out for granulation, drying,
crushing, and packaging to obtain the gel sample.
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Before aging

FIGURE 1

After aging

Cementation state of the sample before and after the high-temperature aging.

The initiator is a redox initiation system composed of sodium
persulfate and sodium bisulfite, and its addition amount is 2% of
the total weight of the monomer solution (Quiroz et al., 2022).
The instant additive is composed of sodium sulfate, sodium
formate, and surfactant OP-10, and the dosage is 3% of the
total weight of the monomer solution (Liu et al., 2018).

Evaluation of gel performance
Reagent and main instrument

KPS, analytical reagent (Gregolin et al., 2010); HV-CMC,
analytical reagent; SPNH, analytical reagent; the formula for the
experimental pulp is as follows:

H20O + bentonite + barytes, +1%HV-CMC+3%SPNH, the
experimental mud density is 1.5.

M7500 high-temperature and high-pressure rheometer; QD-
2 test device on plugging materials; XGRL-4 aging furnace.

Microstructure characterization

According to the experimental pulp formula, we add 3%
gelatin ZND-6 to the configured experimental pulp, stir for
10 min at low speed, and then put it into the aging tank.
After aging for 10 h at 150°C, gel particles are gelatinized. The
sample status before and after the experiment is shown in
Figure 1. It could be found that the sample has a strong
thixotropy after adding the gel particles. Before aging, the gel
particles in the sample are distributed independently in the
experimental slurry, and there is no cementation between
them. After aging, the gel particles agglomerate with each
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other and have a strong structural force. We used a scanning
electron microscope to observe the microstructure of the samples
after aging, as shown in Figure 2. It was found that the gel
particles were completely gelled under the conditions of 10 h and
high temperature, and a dense three-dimensional network
structure is formed between the gel molecules. The reticular
formation of the gel molecular closely combines with other gel
molecules that are independently distributed to form the large gel
mass so that the sample has strong structural strength (Wang
et al., 2020).

Compatibility study of gel and common
drilling fluid systems

In order to explore the effect of gel ZND-6 mixed into
drilling fluid on the performance of drilling fluid, the
compatibility experiment of gel with NaCl, polysulfonic
acid, and polymer drilling fluid systems was carried out in
the laboratory. The drilling fluid before and after aging after
adding gel was mainly investigated for changes in rheology
and dehydration wall-building. The experimental results are
shown in Tables 1, 2, 3.

It can be seen from Table | that adding the gel ZND-6 to
the NaCl drilling fluid can enhance the static shear force of the
system, reduce the filtration loss, and enhance its water loss
and wall-building ability without affecting the fluidity of the
system. Gel ZND-6 has good compatibility with NaCl drilling
fluid.

It can be seen from Table 2 that the effect of gel ZND-6 on
the system is generally favorable after adding the polysulfonic
drilling fluid, which can improve the rheological properties of the
system and improve the ability of water loss and wall-building.
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FIGURE 2
Micromorphology of the gel after aging.

TABLE 1 Compatibility of ZND and NaCl drilling fluids (150°C for 16 h aging).

ZND-6/%  Experimental conditions AV/mPa:s PV/mPas YP/Pa Gel 10 min/Pa

1.0
2.0
3.0

1.0
2.0
3.0

Before ageing 30.0 25 5 5.1
Before ageing 82.5 87 6 12.7
Before ageing 142.2 156 4 75.3
Before ageing 204.8 265 6 164.4
After ageing 15.0 15 0 2.0
After ageing 44.1 51 4 6.4
After ageing 86.2 97 0 34.8
After ageing 102.2 124 12 99.2

TABLE 2 Compatibility of ZND and Polysulfonic Drilling Fluid (150°C for 16 h of aging).

ZND-6/%  Experimental conditions AV/mPa-s PV/mPas YP/Pa Gell0 min/Pa

1.0
2.0
3.0

1.0
2.0
3.0

Before ageing 34.0 31 3 6.1
Before ageing 66.2 66 6 153
Before ageing 131.9 124 4 41.3
Before ageing 184.7 156 0 115.8
After ageing 312 21 3 34
After ageing 37.1 24 4 7.6
After ageing 64.1 62 4 229
After ageing 122.7 98 3 59.7

Fl/ml

8.5
6.1
53
3.7

19.0
14.6
8.2
7.7

FL/mL

10.0
8.2
6.5
4.8

12.1
7.5
8.8
6.8

10.3389/fenrg.2022.1003473

Filter cake thickness/mm

0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5

Filter cake thickness/mm

1.0
1.0
0.8
0.5

0.5
0.5
0.5
0.5

Gel ZND-6 has good compatibility with polysulfonic drilling
fluid.

fluidity of the drilling fluid after adding the polymer drilling fluid,
while maintaining the static shear force of the system, and the

fluid loss of the drilling fluid is low. The performance after aging
also meets the general requirements for drilling fluids and has

It can be seen from Table 3 that ZND-6 gel can improve the good compatibility with polymer drilling fluids.

Frontiers in Energy Research 04

To sum up, the gel ZND-6 has good compatibility with
drilling fluids such as NaCl, polysulfonic acid, and polymers and
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TABLE 3 Compatibility of ZND and Polymer Drilling Fluid (150°C for 16 h aging).

ZND-6/%  Experimental conditions AV/mPa-s PV/mPas
0 Before ageing 375 25
1.0 Before ageing 72.6 20
2.0 Before ageing 842 31
3.0 Before ageing 163.8 41
0 After ageing 25.0 20
1.0 After ageing 41.2 22
2.0 After ageing 69.7 33
3.0 After ageing 99.1 26

TABLE 4 Impact of temperature in clear water on gelling time.

Temperature/"C 80 100 120 150

tgelation/h 42 3.1 1.5 1.1

TABLE 5 Impact of temperature in experimental pulp on gelling time.

Temperature/"C 80 100 120 150

tgelation/h 6.8 5.6 4.1 33

can improve the water loss and wall-building properties as well as
the viscosity and static shear force of the drilling fluid. The
compatibility between the gel and the commonly used drilling
fluid system is sufficient to meet the requirements of solving the
malignant loss of large fractures and broken formations.

Influence of temperature on the gelling
time

The effect of temperature on the gel formation time is
obvious: the half-life of the gel polymer initiator decreases
exponentially with the increase in temperature. The gelling
times of gelatin in water and the experimental slurry at
80°C-150°C are studied, respectively, to determine the relevant
time. The experimental results are shown in Tables 4, 5.

It can be seen from the experimental results that the gel-
forming time of the gel ZND-6 gradually decreases with an
increase in the experimental temperature. The reasons and
results may be that (@ the half-life of the initiator
decreases with the increase of temperature, which shortens
the gel formation time (Li et al, 2015) and @ with the
increase of the experimental temperature, the melting
rate of the hot-melt adhesive capsule in the gel increases,
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YP/Pa Gell0 min/Pa FL/mL Filter cake thickness/mm
12 7.0 4.0 0.5
6 18.3 5.1 0.5
5 39.4 45 0.5
1 138.9 44 0.5
5 2.0 33 0.5
6 9.8 45 0.5
4 18.7 6.8 0.5
2 746 54 0.5

resulting in a faster release of the initiator from the hot-melt
adhesive and a shortening of the gel formation time (Li, X
et al.,, 2022).

Evaluation of the gel's rheological
property

To determine the rheological data of the gel ZND-6 under the
downhole high-temperature and high-pressure conditions, the
rheological property of the gel ZND-6 is tested for 10H in a high-
with the
rheometer

temperature and high-pressure environment
M7500 high-temperature
produced by Grace Company. The time length includes the
time before and after the gelation of gel ZND-6 and the

period after gelation so as to determine the viscosity change

and high-pressure

before gelation and the stability after gelation.

Add the gel ZND-6 with a concentration of 1.5% to the
experimental pulp and increase the temperature to 150°C. Then,
test the sample viscosity every 20 min under the environment at a
pressure of 20 MPa, with the experimental results shown in
Figure 3. The samples are gelatinized at 60 min, and the
highest viscosity reaches 19000 mPas. Besides, the sample
viscosity ~basically remains stable in the remaining
experiment time.

According to Figures 4, 5, the rheological properties of the
samples only increase linearly with the gel concentration when
the gel concentration is 0.5%, 1.0%, or 1.5%. After the gel
concentration reaches 2%, all rheological data of the sample
show sudden changes. When the gel concentration is relatively
low, the gel particles in the sample are far away; therefore, it is
not easy for them to contact each other and form a three-
dimensional network structure between the particles. Actually,
they just change the rheological property of the samples
through the swelling and gelation of each individual gel
particle. After the gel concentration reaches or exceeds 2%,
not only the individual gel particle has an influence on the

rheological property of the samples. Besides, with the increase
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Comparison of shearing stress at different rotating speeds under different concentrations of gel.

of gel particles per unit volume, the distances between the gel
particles are reduced so as to form a network structure among
the particles and create a larger gel mass. Such large gel masses
could obviously affect the rheological properties of samples
more than single gel particles.

It could be judged from the above experiments that
the rheological property of gel could basically maintain
stability under the downhole high-temperature and high-
and it could block the
formation stably for a long time, which could prolong the

pressure conditions, broken

safe operation time effectively and strengthen the safety of
well control (Li, Z et al, 2022). Besides, the rheological
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property of the slurry will change suddenly when the
concentration of the gel ZND-6 exceeds 2%. Hence, the
optimal dosage concentration of gel ZND-6 should not be
less than 2%.

Starting pressure test of gel

After reaching the position of lost circulation and
penetrating into large fractures and fractured formations,
the gel swells into glue in the well slurry to block large
pores and fractures. After the gel plugging, there is a
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Comparison of viscosity at different rotating speeds under different concentrations of gel.

TABLE 6 ZND-6 start-up experiment.

No. Sample dosage/% Measuring temperature/°’C Holding time/h Start-up pressure/MPa
1 3 80 5 15
2 3 100 5 2.0
3 3 120 5 2.0
4 3 150 5 4.0
5 5 150 5 6.5
6 5 170 5 4.0
6 5 180 5 35

pressure difference inside and outside the wellbore. After the
gelatinization, the pressure difference that the plugging
material can withstand is the start-up pressure of the gel,
and it is a key metric to evaluate its plugging performance
(Yokoi et al., 2022).

The QD-2 test device on plugging materials is adopted to
simulate leakage layer cracks with different seam widths (1, 2, 3,
4, and 5 mm). We add the gel to the experimental pulp and
investigate the plugging pressure-bearing capacity of the gel
plugging materials on the large pores and fractures causing
the malignant leakage under the high-temperature and high-
pressure conditions.

The specific experimental method is as follows: add the gel
ZND-6 to the experimental pulp and put it into the plugging
material test device after mixing evenly, pressurize the upper
valve rod by 0.5 MPa, close the lower valve rod, and let it stand
for several hours at a certain temperature. After the gel in the
samples seals the joint board, open the foot valve and increase the

Frontiers in Energy Research

07

pressure with 0.5 MPa as the gradient to observe whether there is
a sample extrusion. After the samples are extruded, stop the
experiment and record the pressure, which is the start-up
pressure of the gel. The start-up pressures vary at different
temperatures, gel concentrations, and high-preservation
standing times. The experimental results are as shown in Table 6.

Data in Table 6 indicates that under the same concentration,
the start-up pressure increases with the rise in temperature, and
the maximum start-up pressure is 6.5 MPa in the temperature
range of 80°C-150°C; when the temperature exceeds 150°C, the
sample’s start-up pressure decreases with the rise in temperature.
Under the same temperature, the ZND-6 start-up pressure
increases as the gel concentration increases. At 150°C and a
concentration of 5%, the gel will form a tight and elastic air
blockage, as shown in Figure 6.

This phenomenon occurs mainly because the hydrophobic
group in gel ZND-6 will form a network structure in the slurry.

This network structure not only makes the gel combine into an
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FIGURE 6
Air Blockage formed by examples.

air blockage but also cements with the tank externally. With the
rise in temperature, the strength of the network structure will
increase. Once it exceeds the limiting temperature of gel, the
strength of the structure will decrease. Therefore, the start-up
pressure of gel will increase with the rise in temperature in the
range from 80°C to 150°C. After it exceeds 150°C, the start-up
pressure will decrease with the rise in temperature. Similarly, the
strength of the gel’s network structure will be enhanced with the
concentration of gel in the experimental pulp.

Gel breaking test

The core material of the oxidation breaker is potassium
persulfate or ammonium persulfate. The principle is that the
breaker can be dissolved into a highly active, solid strong oxidant
in contact with water (Guo et al, 2016). The advantage of
oxidative gel breakers is that they reduce the effect of gel
breakers on the rheological properties of fracturing fluid.

After the reservoir leakage plugging, it is necessary to reverse
the gel breaking in the lost circulation plugging slurry to ensure
the downhole production capacity. Hence, the gel-breaking test
shall be carried out. The calculation formula of the gel breaking
rate is:

—my

D =270 100%.
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D is the gel breaking rate; m is the gel quality before gel
breaking, g; and mg is the remaining gel quality after gel
breaking, g.

Add 3% gel to the experimental pulp, and then add 1% KPS.
After mixing evenly, pour it in the aging tank and take out the
sample after rolling it in the roller furnace for a certain time at
150°C. Then, screen out the remaining gel with the screen and
weigh it to calculate the gel breaking rate. The experimental
results are as shown in Figure 7.

It can be seen from Figure 7 that the gel breaking rate could
reach about 50% after 18 h at 150°C; after 24 h, the gel breaking
rate could reach 98%. At this time, the gel breaking of gel is
basically complete, meeting the requirements of the reverse
drainage of the general reservoir.

Applications in the field
Well Shuangmiao 1

Well Shuangmiao 1 in Dazhou is a key vertical
exploration well in southwest China. There are six leakage
points in the 2083-3,573 m well section. A high-pressure gas
layer was drilled at a depth of 3,446-3,448 m, and the bottom
hole overflowed. In order to seal the leakage layer and protect
the gas layer, the on-site technicians have successively
adopted bridge plug plugging, nine times of cement
plugging, and bridge plug and cement composite plugging
methods, all of which have not been effective, taking up to
2 months, and the phenomenon of simultaneous leakage and
leakage has not been controlled. Wellhead two single ram
blowout preventers in the upper ram damage failure, four
anti-nozzle lines in three damaged, throttling blowout, and
casing pressure are extremely difficult to reduce. The leakage
layer of 3,446-3,448 m is the main factor to induce complex
downhole conditions.

In order to effectively plug the three leakage layers at a
depth of 3,483, 3,446, and 3,436 m, the special gel plugging
technology is tried. A total of 70 m® of gel was injected into
the three layers, and then 25 m® of cement was added. The
construction was successful. After pressure relief, the casing
pressure drops to 12MPa and then shuts down. The
standpipe pressure is zero, and the casing pressure
remains unchanged. Shut-in observation riser pressure is
still zero, the casing pressure is still zero, to achieve the
purpose of blocking the annulus, cut off the bottom hole
high-pressure gas layer. The logging results show that the
cement sheath is in the well depth of 2,250-3,200 m, the
cement return height is in the well depth of 2,355 m, the
ZND-6 gel column in the annulus of the leakage layer is
nearly 100 m, and the plugging is successful.
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Well Liu 67-72

Well Liu 67-72 in Changqing leakage occurred at a depth of
1,629 m. The bridge slurry (the particle size of the bridging material is
3 ~ 5 mm) and the cement plug failed nine times. In order to plug the
leakage point, ZND-6 gel plugging technology is adopted. Drill down
the drill pipe a depth of 1,500 m, pump 34 m? concentration of 1.2%
gel ZND-6, and then inject 12 m® water; next, pull out the drill, and
allow it to stand for 6 h. Down to the bottom of the well, open the
pump return, normal displacement. After circulating the drilling fluid
for 15 min, drilling 8 m at 150 kN and 65 r/min, the pump pressure
displacement is normal and the plugging is successful.

Conclusion

1. The high-temperature gel plugging agent ZND-6 is
synthesized with a controlled gelling time, and the free
radical is aggregated to form the high-strength gel with
dense cross-linking.

2. The gel plugging materials ZND-6 could penetrate the broken
formation to form the air blockage. When the gel concentration
is 1.5% at 150°C, the sample viscosity reaches 19,000 mPa s and
the stable time is greater than 10 h.

3. Tt could be found from the experiment that after the concentration
of gel reaches 2% in the slurry, it is easier to form the three-
dimensional network structure and become the larger gel mass,
and the sample performance may change suddenly. In view of the
actual construction and economic benefits, it is suggested to
control the gel concentration at 3%-5%.

4. The temperature resistance of the gel ZND-6 could reach
150°C. When the temperature exceeds 150°C, the gel strength
would decrease.
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5. Under the condition of 150°C, the gel breaking rate is over
98% after 24 h, which meets the requirement of general
reservoir reverse flow.

6. According to field application, the innovation of gel
plugging agent ZND-6 is that it can be used alone with
drilling fluid and has a good effect on plugging malignant
leakage layers. It can well solve the leakage problems that
cannot be solved by methods such as fractured, porous, and
broken formations; bridge plugging; and plugging while
drilling. It is unique in dealing with the leakage problems of
aquifers and the same layer of leakage.
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