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Abstract: In oil and gas production, reservoir heterogeneity causes plugging removal
fluids to preferentially enter high-permeability zones, hindering effective production en-
hancement in low-permeability reservoirs. Traditional chemical diverting agents exhibit
insufficient stability in high-temperature, high-salinity environments, risking secondary
damage. To address these challenges, this study developed a water-sensitive self-thickening
emulsion, targeting improved high-temperature stability, selective plugging, and easy flow-
back performance. Formulation optimization was achieved via orthogonal experiments and
oil-water ratio adjustment, combined with particle size regulation and viscosity characteri-
zation. Core plugging experiments demonstrated the new emulsion system’s applicability
and diverting effects. Results showed that under 150 °C and 15 x 10* mg/L NaCl, the emul-
sion maintained a stable viscosity of above 302.7 mPa-s, with particle size D5 increasing
from 31.1 um to 71.2 um, exceeding API RP 13A’s 100 mPa-s threshold for acidizing divert-
ers, providing an efficient plugging solution for high-temperature, high-salinity reservoirs.
The injection pressure difference in high-permeability cores stabilized at 2.1 MPa, signif-
icantly enhancing waterflood sweep efficiency. The self-thickening mechanism, driven
by salt-induced droplet coalescence, enables selective plugging in heterogeneous forma-
tions, as validated by core flooding tests showing a 40% higher pressure differential in
high-permeability zones compared to conventional systems.

Keywords: water-sensitive self-thickening emulsion; temporary plugging and diverting
agent; reservoir heterogeneity; high temperature and high salinity; selective plugging

1. Introduction

Reservoir heterogeneity is one of the core challenges leading to inefficient fluid uti-
lization in oil and gas development [1,2]. The permeability contrast forces plugging fluids
to preferentially enter high-permeability channels, resulting in insufficient stimulation
of low-permeability layers. Traditional chemical diverting agents lack selective response
capabilities to heterogeneous formations, prone to penetration or adsorption retention in
high-permeability layers while failing to effectively plug low-permeability layers [3,4]. Asa
result, the expected goals of production increase and injection increase cannot be achieved.
In some cases, the water cut of oil wells may even increase significantly after plugging
removal. It can be seen that the key to successful plugging removal is to adopt effective
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diverting technology to ensure that the plugging removal fluid can effectively enter the
low-permeability reservoir.

Commonly used diverting technologies can be divided into two categories: mechanical
diverting and chemical diverting. However, mechanical diverting technology requires
very bulky field devices and equipment, and the cost is relatively high. Its effectiveness is
also affected by factors such as the smoothness and roundness of the perforations and the
number of perforations. Moreover, it is not suitable for in-layer heterogeneous formations.
For the above reasons, the most widely applied technology currently is the chemical
diverting plugging removal technology.

The chemical diverting plugging removal technology involves injecting chemical
diverting agents into the formation to generate a low-permeability filter cake on the rock
wall surface, thereby reducing the interlayer differences. It can also increase the pore
pressure by injecting viscous polymer slugs to reduce the fluid intake capacity of the high-
permeability reservoir. One of the difficulties of the chemical diverting plugging removal
technology lies in the preparation of the diverting agent. On the one hand, the diverting
agent is required to plug the high-permeability reservoir to achieve the effective shunting
of the plugging removal agent; on the other hand, it should cause low damage to the
reservoir and reduce the pollution to the reservoir. Currently, the commonly used chemical
diverting systems mainly include particle-based diverting systems, foam-based diverting
systems, polymer-based diverting systems, viscoelastic surfactant-based diverting systems,
and emulsion-based diverting systems.

The current types of steering agents can be categorized into particle-based, foam-
based, polymer-based, viscoelastic surfactant (VES)-based, and emulsion-based systems,
each with distinct mechanisms and application profiles. Particle-based agents, historically
pioneered by Halliburton in 1936 using calcium soap (oil-soluble, water-insoluble) for fluid
diversion [5], were later supplanted by polymer-based variants due to the latter’s high
viscosity, oil solubility, deformability, and cost-effectiveness [6,7]. However, particle-based
agents suffer from poor selectivity in heterogeneous formations and limited plugging
depth, leading to gradual replacement in deep applications [8,9]. Foam-based systems,
first introduced by Smith et al. in 1969 for low-pressure /high-permeability reservoirs [10],
offer dual advantages of effective plugging and reduced formation damage via low fluid
column pressure. They exist primarily as foam slugs or foam acid—with the latter en-
hancing acid fracturing by minimizing fluid loss and slowing acid-rock reactions [11].
Nevertheless, their utility is constrained by thermal instability above 90 °C and limited
deep-reservoir plugging capacity [12,13].

Polymer-based agents, adopted in the 1980s (e.g., xanthan gum as acid fracturing
thickener [14]), enable tunable plugging strength via molecular structure adjustments but
face challenges in low-permeability environments due to residual polymer blockages post-
acidizing [14] and salt sensitivity causing viscosity degradation [10,15]. VES-based systems,
termed “clean fracturing fluids” for their polymer-free, easy-flowback properties [16], lever-
age viscoelasticity for adaptive pore plugging but are hindered by temperature-dependent
viscosity loss (>800 mPa-s at pH 2.8 [17]), ion sensitivity, and high costs [18,19]. Emulsion-
based agents, initially used in 1970s carbonate acidizing to reduce fluid loss [20], gained
traction with low-friction formulations but remain limited by slow demulsification and
near-wellbore acid release kinetics [21,22]. However, in general, the high-temperature and
high-salinity environments faced by some special reservoirs still pose a significant threat to
the performance of traditional diverting agents.

High temperature accelerates the scission of polymer backbones (e.g., thermo-
oxidative degradation of C-C bonds), whereby molecular weight reduction leads to a
drastic decrease in viscosity [23,24]. Meanwhile, it weakens the strength of the emulsifier
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interfacial film (e.g., dehydration of the polyoxyethylene chains in nonionic surfactant
T154), accelerating droplet coalescence [25]. High salinity compresses the hydration lay-
ers of the hydrophilic groups of emulsifiers, resulting in the disruption of interfacial
stability [26]. Additionally, it disrupts the hydration of polymer molecular chains (e.g., the
breaking of hydrogen bonds in the amide groups of HPAM), leading to salting-out precipi-
tation [27]. In oil and gas exploitation, diverting agents are pivotal for improving reservoir
sweep efficiency, but their applicability in high-temperature (120-200 °C) and high-salinity
(10,000-200,000 mg/L NaCl) (HTHS) environments is severely constrained by thermal-
oxidative degradation and salt-induced structural failure. For polymer-based diverters,
traditional hydrolyzed polyacrylamides (HPAMs) exhibit rapid viscosity decay under
HTHS conditions: e.g., conventional HPAM retains <10% viscosity after 30 days at 115 °C
and 180,000 mg/L TDS [28], attributed to amide group hydrolysis and backbone scis-
sion. While sulfonated derivatives (e.g., ATBS copolymers) enhance salinity tolerance
to ~200,000 mg/L and maintain ~85% viscosity at 120 °C for 1 year [29], they still suf-
fer from long-term thermo-oxidative degradation, with molecular weight decreasing by
~50% over 2 years [30]. Additionally, divalent ions (Ca?*/Mg?*) in HTHS brines trig-
ger electrostatic screening, causing polymer chains to collapse and precipitate, even in
sulfonated systems [31].

Notably, emulsion-based diverters address some limitations through structural adapt-
ability. For example, water-in-oil emulsions stabilized by oleic acid imidazoline maintain
stability at 90 °C in 198,000 mg/L TDS, with salt-induced coalescence increasing particle
size from 31 pum to 71 um for selective plugging in high-permeability cores [32]. Such
systems achieve plugging rates >92% in high-permeability zones while allowing easy
flowback via acid-induced demulsification [32]. However, emulsion stability above 120 °C
remains unproven, with limited reports on long-term performance in brines exceeding
150,000 mg/L divalent ions.

The self-thickening emulsion diverting technology has the characteristics of auto-
matic diverting during the construction process and deep plugging removal. After the
construction is completed, the self-thickening system can automatically break the gel when
it encounters hydrocarbons or water, is easy to flow back, leaves no residues, and will not
cause secondary damage, meaning it can achieve effective and precise plugging removal
in the deep part of the reservoir [32]. However, due to the poor temperature and salt
resistance of conventional systems, their application in deep formations is restricted [33].
Therefore, the prepared temporary plugging and diverting agent should have the following
characteristics: it can maintain a stable state under high-temperature and high-salinity
conditions; can be effectively stored at room temperature; has a certain selective plugging
effect on cores with different permeabilities; and can demulsify spontaneously after the
acidizing is completed, which is beneficial to the flowback.

To solve the above problems, in this study, by developing a water-sensitive self-
thickening emulsion, combining the surfactant compounding technology and the orthogo-
nal experiment optimization method, the influence laws of the oil-water ratio, the emulsifier
ratio, and the reservoir conditions on the temporary plugging performance of the emulsion
were systematically explored to achieve the comprehensive performance improvement of
high-temperature stability, selective plugging, and easy flowback. The new water-sensitive
self-thickening emulsion system uses the self-thickening mechanism to achieve precise
plugging removal in deep reservoirs. Through a variety of testing methods, it is character-
ized that this new system has good salt resistance, temperature resistance, compatibility,
and oil-water selectivity. This system can demulsify spontaneously after acidizing, signifi-
cantly reducing the damage to the reservoir. In this study, it is proposed for the first time
to construct an emulsion system with ODEA, T154, and SDBS (2%:0.8%:0.4%). Through
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particle size regulation (D5 increased from 31.1 um to 71.2 pm) and viscosity optimization
(up to 7090.9 mPa-s at 95 °C), its plugging and diverting efficiency in high-permeability
reservoirs was verified. The research results not only provide experimental support for
the interfacial chemical mechanism of the emulsion temporary plugging agent but also
provide an efficient and sustainable optimization scheme for the production increase and
reconstruction of reservoirs in low-pressure and low-permeability oil reservoirs.

2. System Preparation and Analysis Methods

The experimental equipment is shown in Table 1.

Table 1. Table of experimental equipment.

Instrument Name Manufacturer Production Location

MY-P13-2S magnetic stirrer Shanghai Yangyingpu Instrumentation Shanghai, China
Manufacturing Co., Ltd.

Digital constant temperature oil bath pot Jiangsu Jintan Jincheng Guosheng Experimental  Jintan, Jiangsu, China
Instrument Factory

BSAA423 precision electronic balance Sartorius (Beijing) Co., Ltd. Beijing, China

101-2A electric heating constant Shanghai Boxun Medical & Biological Shanghai, China

temperature oven Instrument Co., Ltd.

Mastersizer 3000 laser particle size analyzer Malvern Panalytical Co., Ltd. Malvern, Worcestershire,

United Kingdom
SNB-2 digital viscometer Shanghai Precision Instrumentation Co., Ltd. Shanghai, China

The experimental reagents are shown in Table 2.

Table 2. Table of experimental reagents.

Instrument Name Purity Manufacturer Production Location
Sodium dodecylbenzene AR Tianjin Bodi Chemical Tianjin, China
sulfonate (SDBS) Industry Co., Ltd.
Polyisobutylene succinimide (T154) AR Tianjin Bodi Chemical Tianjin, China
Industry Co., Ltd.
Oleic acid diethanolamide (ODEA) AR Yousuo Chemical Industry Linyi, Shandong, China
NaCl CP Sinopharm Chemical Shanghai, China
Reagent Co., Ltd.
Diesel Industrial goods China Petroleum & Chemical  Xi’an, Shaanxi, China
Corporation (Sinopec)
Deionized water - Self-prepared in laboratory Qingdao, Shandong, China

2.1. System Development

First, the optimal oil-water ratio for emulsion preparation was determined. Active
diesel with a mass fraction of 10% of the emulsifier (the emulsifier is ODEA, accounting for
the mass percentage of diesel) was prepared. Then, water-in-oil emulsions were prepared
according to the oil-water ratios of 1:9, 2:8, 3:7, 4:6, and 5:5. During the preparation process,
deionized water was added drop by drop to the active diesel under high-speed stirring
conditions to prepare the water-in-oil emulsion, and its viscosity was measured. At the
same time, the prepared emulsion was left standing at room temperature (25 °C) for 48 h
for the evaluation of the liquid separation rate. The optimal oil-water ratio was screened
out by analyzing the viscosity and the liquid separation rate.

Among them, the calculation formula for the liquid separation rate is

_ Ve

FV = 2 x 100% (1)
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where FV is the liquid separation rate, %; Vg is the total volume of the separated liquid,
mL; and V is the volume of the emulsion, mL.
The technical roadmap for this section is presented in Figure 1.

Development of the Temporary Plugging Diverting System
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Figure 1. The technical roadmap of system development.

Finally, the formulation of the self-thickening system of the water-sensitive emulsion
was determined by the orthogonal test method. An orthogonal experiment with “three
factors and four levels” was carried out, and the liquid separation rate was used as the
evaluation index to determine the emulsifier formulation system. The factors and levels of
the orthogonal experiment are shown in Table 3. The system was left standing at 120 °C
for 6 h and 12 h, and the liquid separation rates of the systems under different formu-
lations and preparation conditions were measured. The roles of each component in the
formulation were clarified through single-factor analysis. Among them, cocamidopropyl
betaine (ODEA), as an amphoteric ionic surfactant, has a molecular structure containing a
betaine group (-N+(CHj3),(CH;,)3CONHCH,CH,COO™), which can stabilize the emulsion
interfacial film through positive and negative charge balance. Polyoxyethylene sorbitan
trioleate (T154), as a non-ionic surfactant, has its polyoxyethylene chains enhancing the
hydrophilicity of droplets through hydration. Sodium dodecylbenzene sulfonate (SDBS), as
an anionic surfactant, improves the film strength by adsorbing on the oil droplet interface
via its hydrophobic segments.

Table 3. Table of orthogonal experimental design.

Factors
Levels
ODEA/% T154/% SDBS/%
1 2 0.2 0.1
2 2.5 0.4 0.2
3 3 0.6 0.3
4 3.5 0.8 04

2.2. Properties Characterization

The types and ratios of surfactants in the optimized formulation (ODEA /T154/SDBS =
2%:0.8%:0.4%) were added to the diesel to prepare the active diesel. Subsequently, SDBS with
the optimized concentration was added to the deionized water. The oil-water volume ratio
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of the emulsion was controlled at 3:7. Among them, ODEA was cocamidopropyl betaine,
T154 was polyoxyethylene sorbitan trioleate, and SDBS was sodium dodecylbenzene sul-
fonate. The active diesel was prepared by dissolving through magnetic stirring (2000 r/min,
25 °C) for 30 min, and the above deionized water solution was slowly added dropwise dur-
ing the stirring process to complete the preparation of the system. The technical roadmap
for this section is presented in Figure 2.
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Figure 2. The technical roadmap of properties characterization.

2.2.1. Particle Size Distribution Test

After mixing the emulsion temporary plugging agent under the optimal formulation
conditions with deionized water at a volume fraction of 2:1, the mixture was placed in an
ultrasonic generator to fully disperse the sample. Then, a Mastersizer 3000 laser particle
size analyzer was used to measure the particle size distribution of different samples.

2.2.2. Salt Resistance Test

NaCl solutions with concentrations of 1 x 10* mg/L, 5 x 10% mg/L, 10 x 10% mg/L,
15 x 10* mg/L, and 20 x 10* mg/L were prepared. Optimized compound emulsion and
traditional ODEA emulsion were prepared according to an oil-water ratio of 3:7. After
standing at 150 °C for 30 min, the viscosity at 95 °C and 170 s~ was measured to determine
its stability under high salinity.

2.2.3. Oil-Water Selectivity Test

The emulsion was mixed with diesel and water with a salinity of 20 x 10* mg/L at
volume ratios of 10:1, 10:2, 10:3, 10:4, and 10:5 (expressed as percentages, such as 10%, 20%,
30%, 40%, 50%). After standing at a high temperature of 150 °C for 30 min, the viscosity at
95 °C and 170 s~ ! was measured to evaluate the oil-water stability of the emulsion; after
the emulsion was mixed with water with a high salinity of 30% and 40%, it was then mixed
with diesel, and the viscosity of the system was measured.

2.2.4. Temperature Resistance Evaluation

The emulsion was mixed with water with a high salinity of 20 x 10* mg/L at volume
ratios of 10:1, 10:2, 10:3, 10:4, and 10:5 (expressed as percentages, such as 10%, 20%, 30%,
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40%, 50%). After standing at different temperatures (95 °C, 120 °C, 150 °C) for 30 min, the
viscosity at different temperatures was measured. And then we set up the temperature
comparison experiment: The SNB-2 rotational viscometer was used to measure the viscosity
of the emulsion at 170 s~! as the temperature increased from 50 °C to 95 °C, and the
viscosity—temperature characteristic curves of the emulsion with traditional reagent ODEA
contents of 2%, 2.5%, and 3% and the compound emulsifier were determined.

2.2.5. System Compatibility Test

Plugging removal systems with different concentrations (0%, 5%, 10%, 15%, 20%) were
prepared and mixed with the water-sensitive emulsion at different volume ratios (10:1, 10:2,
10:3, 10:4, 10:5), and the viscosity of the mixed system was measured with a viscometer.

2.3. Evaluation of the Temporary Plugging and Diverting Ability

In order to clarify the plugging performance of the emulsion temporary plugging
agent and the diverting and plugging removal effect of the subsequent plugging removal
system, a single-core flow experiment was carried out to simulate the temporary plugging
performance of the emulsion and the diverting process of the plugging removal system
under different reservoir conditions. The cores were artificially prepared. The rock powder
was ground from outcrop rocks in Xinjiang, with a particle size of 2040 mesh. The
cementing agent was prepared from copper oxide and aluminum dihydrogen phosphate.
Through the core temporary plugging experiments described above, the adaptability of
emulsions to heterogeneous formations and the diversion and plugging removal effects
of subsequent plugging removal systems were analyzed. The technical roadmap for this
section is presented in Figure 3.

1 I N
|

Number % Pr/mL Liem Alem? 10%m?

1 1975 24 4.920 488 237

2295 21 5.186 405 176
2053 40 5004 404 801
2131 29 6.950 417 1234

@
3
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13 2796 25 s418 4.61 32.62
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16 3578 31 6.598 470 3733
17 3654 34 6.985 487 3931
18 1021 30 6.254 4.80 5158

19 4568 32 6.542 489 5837
20 4700 28 6.630 422 6541
21 4697 29 534 438 69.90

Note: p—porosity, j—core volume, L—core length, A—core cross-sectional area,
k—water-measured permeability

njetion vo e PV

Figure 3. The technical roadmap of the evaluation of the temporary plugging and diverting ability.

According to the basic physical property parameters of the cores, the cores were
divided into low-, medium-, and high-permeability cores, and temporary plugging experi-
ments were carried out for each category. The physical property parameters of the cores
are shown in the following Table 4.
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Table 4. Table of basic physical property parameters of cores.

Water-Measured

Number Porosity (¢)/% Core Volume Core Length Core Cross-Sectizonal Permeability
(Vg)/mL (L)/em Area (A)/cm _ 3
(k)/10—3 um
1 19.75 24 4.920 4.88 2.37
2 22.95 21 5.186 4.05 7.76
3 20.53 40 8.094 494 8.01
4 21.31 29 6.950 417 12.34
5 22.41 32 6.586 4.86 13.96
6 22.08 31 6.602 4.70 16.06
7 23.97 32 6.570 4.87 19.96
8 25.30 27 5.602 4.82 20.39
9 26.45 27 5.520 4.86 22.16
10 25.85 33 6.834 4.83 29.48
11 29.80 25 5.366 4.66 29.80
12 39.45 29 6.646 4.36 31.73
13 27.96 25 5.418 4.61 32.62
14 33.66 35 7.138 4.90 34.85
15 35.67 24 5.142 4.67 36.72
16 35.78 31 6.598 4.70 37.33
17 36.54 34 6.985 4.87 39.31
18 40.21 30 6.254 4.80 51.59
19 45.68 32 6.542 4.89 58.37
20 47.00 28 6.630 422 65.41
21 46.97 29 5.324 4.38 69.90

The evaluation was carried out by using a single-core temporary plugging performance
test experiment. First, the core saturated with high-salinity water was placed in the core
holder, and the confining pressure value was adjusted so that the confining pressure was
2 MPa higher than the inlet pressure. The constant flow pump was turned on, and the
emulsion temporary plugging agent was injected at a constant displacement flow rate of
2 mL/min, and then the change in the pressure difference under different injection volumes
was recorded. When the pressure difference at both ends of the core was stable, the constant
flow pump was then turned off, and the pressure was released simultaneously. Finally,
water was injected at the same displacement flow rate, and the pressure difference at both
ends of the core under different injection volumes was recorded.

3. Results

3.1. System Optimization
3.1.1. Oil-Water Ratio Optimization

The dilution method and the electrical conductivity method were used to determine
the types of emulsions with different oil-water ratios, and the oil-water ratio of the emul-
sion was optimally selected. The results are shown in Figure 4 (from right to left, the
oil-water ratios were 1:9, 2:8, 3:7, 4:6, 5:5). A small amount of the emulsion was dropped
into the diesel and deionized water. Under the standing condition, the emulsion was nei-
ther dispersed in the oil phase nor in the water phase, because the emulsion had a relatively
high viscosity and was not easy to disperse; when it was slightly stirred, the emulsion can
be uniformly dispersed in diesel, but it is difficult to dissolve in deionized water.
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(a) The Unstirred State of Emulsions with
Different Emulsions Volume Ratios

50% 50%40% 40%  30%30%20%20%10%10%

E ]
(b) The Stirred State of Emulsions with
Different Emulsions Volume Ratios

Figure 4. Macroscopic appearance of water-in-oil emulsions at oil-water ratios of 1:9 to 5:5. (The blue
font denotes the emulsion content in systems with active kerosene as the base fluid, while the red
font denotes the emulsion content in systems with water as the base fluid.).

The electrical conductivity of the emulsion under different oil-water ratios was measured,
and the electrical conductivity values were all zero. According to the experimental results of
the dilution method and the electrical conductivity method, it can be concluded that the types
of emulsions under different oil-water ratios were all water-in-oil (W/O) emulsions.

The prepared water-in-oil emulsion was stored at room temperature (25 °C) for 48 h,
after which its viscosity at different rotational speeds was measured (results are shown
in Figure 5). In this emulsification system, higher oil-phase contents correlated with
poorer emulsion stability after 48 h of storage. When the oil-phase content exceeded 30%
(i.e., oil-water ratios >4:6), the emulsion exhibited a significant increase in liquid separation
rate, indicating deteriorated stability. For example, at 100 r/min, emulsions with oil-water
ratios of 3:7 (30% oil phase), 4:6 (40% oil phase), and 5:5 (50% oil phase) showed viscosities
of 425.0121 mPa-s, 152.32475 mPa-s, and 59.26388 mPa-s, respectively; lower viscosities at
higher oil contents reflected structural instability.
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(a) Separation rate at 25°C within 48 hours (b) Viscosity at different rotational speeds

Figure 5. Liquid separation rate and viscosity of emulsions with oil-water ratios from 1:9 to 5:5 after
standing for 48 h at 25 °C.
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Additionally, lower oil-water ratios (i.e., lower oil-phase contents) corresponded to
higher emulsion viscosities, and the emulsions exhibited shear-thinning behavior: viscosity
decreased with increasing rotational speed and stabilized at a specific value. At a 10% oil
phase (1:9 ratio), the emulsion displayed paste-like viscosity, reaching 65,893.19709 mPa-s
at 10 r/min; its viscosity became unmeasurable above 60 r/min due to instrument range
limitations. As the oil phase increased to 20% (2:8 ratio), viscosity at 10 r/min decreased
to 13,279.27676 mPa-s, stabilizing at 2726.65199 mPa-s at 100 r/min, demonstrating pro-
nounced shear thinning.

For practical applications, the emulsion requires both storage stability and good
injectability under high pump speeds. The 3:7 oil-water ratio emulsion met these criteria:
at 10 r/min, its viscosity of 1276.03591 mPa-s ensured storage stability, while at 100 r/min,
the reduced viscosity of 425.0121 mPa-s facilitated fluidity for injection. Considering both
stability and processability, the optimal oil-water ratio was determined to be 3:7.

3.1.2. Surfactant Optimization

According to the experimental results of the emulsifier type screening, the liquid
separation rate of the surfactant-stabilized emulsion left standing for 7 days at room
temperature is shown in Table 5.

Table 5. The liquid separation rate of the surfactant emulsion standing for 7 days at 25 °C.

Content/%

0.5 1 1.5 2 2.5 3 3.5 4 4.5

ODEA separation rate/%
T154 separation rate/%
SDBS separation rate/%

1.20 1.03 1.12 0.98 1.01 0.43 0.67 0.98 0.65
15.35 14.41 12.04 13.04 13.21 14.03 11.95 12.47 13.02
11.03 10.45 10.06 9.87 10.01 8.78 9.05 9.12 8.96

After standing at room temperature for 7 days, the emulsion stabilized by ODEA was
able to still maintain high stability, except for the separation of a small amount of floating
oil, and it had good stability at room temperature. The emulsion prepared by the emulsifier
T154 had a relatively high liquid separation rate at room temperature, and its storage
stability at room temperature was poor. After standing at room temperature for 7 days,
the emulsion stabilized by SDBS was still able to maintain high stability, except for the
separation of a small amount of floating oil, and it had good stability at room temperature,
but its effect was still lower than that of the emulsion stabilized by ODEA. In order to
conduct an in-depth study on the stability of different surfactants under different reservoir
conditions, temperature control groups at 90 °C and 120 °C were further set to evaluate
the temperature resistance of the surfactants, as shown in Figure 6. Control experiments
were conducted using single emulsifier systems (ODEA, T154, SDBS alone) at the same
total concentration, with results compared to the ternary compound system (Figure 6). The
separation rate of control groups was measured under identical temperature conditions to
validate the synergistic effect of compounding.

When using ODEA as the emulsifier, when its content exceeded 2.5%, it had little
effect on the emulsion stability, and the emulsion had similar liquid separation rates after
standing at 90 °C for the same time, but it had poor temperature resistance and was
completely demulsified after standing at 120 °C for 4 h.

The emulsion stabilized by SDBS had stronger temperature resistance than that by
ODEA. When the emulsifier concentration was higher than 0.5%, the emulsion was stable
at 120 °C. When the concentration was higher than 1%, the liquid separation rate was
lower than 20% after standing at 120 °C for 7 h; when it was between 3% and 4%, the
liquid separation rate stabilized at about 10%, and when it was between 1.0% and 2.5%, it
stabilized at about 20%.
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Figure 6. Temperature-dependent separation rate of emulsions stabilized by ODEA, T154, and SDBS
at 90 °C and 120 °C.

As a high-temperature emulsifier, T154 has good temperature resistance, with the
liquid separation rate of the emulsion basically stabilizing below 20% after standing at
120 °C for 6 h. Although the liquid separation rate suddenly increased and part of the
diesel separated out after standing at high temperature for 2 h, the emulsion remained
stable with time, and the liquid separation rate remained basically unchanged. However,
the emulsion prepared by T154 had a relatively high liquid separation rate and poor storage
performance at room temperature, so it needed to be compounded with other emulsifiers
to stabilize the emulsion.

In conclusion, the emulsion prepared by ODEA had good stability at room temperature.
When ODEA is used as a single emulsifier, its concentration should be higher than 2.5%,
but it had poor temperature resistance above 120 °C. The emulsion prepared by T154 had
good high-temperature resistance with low emulsifier content but poor room-temperature
stability, requiring compounding with other emulsifiers. SDBS has certain temperature
resistance stability, and the emulsifier concentration should be higher than 1.0% at 120 °C.
Therefore, to ensure the emulsion temporary plugging agent has good stability at room
temperature and strong high-temperature resistance, ODEA and T154 should be selected
as the components of the compound emulsifier.

The ternary system constructed a composite interfacial film through three mechanisms:
charge complementarity, hydrogen bond networks, and steric hindrance. The betaine group
(-N*(CHj3)2(CH,)3CO0O ™) of ODEA formed “positive-negative charge pairs” with the sul-
fonate group (-SO3~Na*) of SDBS, enhancing the tightness of molecular arrangement in the
interfacial film via electrostatic attraction. The polyoxyethylene chains (-O-(CH,CH;O),-H)
of T154 formed hydrogen bond networks with the amide groups (-CONH-) of ODEA and
the sulfonate groups (-SO3 ™) of SDBS. At room temperature, the hydrogen bond networks
resisted salt ion compression through hydration layers (viscosity retention rate of 92% in
15 x 10* mg/L NaCl). At high temperatures (150 °C), although hydrogen bonds broke,
the rigid benzene ring structure of SDBS maintained the film mechanical strength to avoid
complete disintegration (viscosity of 2006.5 mPa-s at 150 °C). The long-chain polyoxyethy-
lene (n ~ 20) of T154 interpenetrated the film layers formed by ODEA /SDBS, preventing
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excessive droplet coalescence via entropic repulsion. This caused the emulsion particle size
to increase only from 31.1 um to 71.2 pm under high salinity (20 x 10* mg/L NaCl) rather
than uncontrolled coalescence leading to demulsification.

3.1.3. Orthogonal Test of Emulsion Formula

By compounding different emulsifiers and leaving the emulsions standing at a high
temperature of 120 °C for 6 h, the liquid separation rate of the vast majority of emulsions
was lower than 15%; after continuing to stand for another 6 h, the one whose liquid separa-
tion rate remained below 15% was the fourth group, that is, the emulsifier formulation was
ODEA /T154/SDBS = 2%:0.8%:0.4%.

According to the range analysis, when left standing at a high temperature for 6 h,
the priority of the factors was ODEA, SDBS, and T154; after standing at a high tempera-
ture for 12 h, the priority of the factors was ODEA, T154, and SDBS. As the main agent,
ODEA mainly stabilized the morphology of the emulsion, enabling it to maintain a cer-
tain stability at room temperature; as a high-temperature stabilizer, T154 can effectively
enhance the strength of the interfacial film, so that the emulsion can still maintain strong
stability under high-temperature conditions. Due to the synergistic effect among differ-
ent types of emulsifiers and the interaction among various factors, the range changed
to a certain extent with the standing time at high temperature. The formulation was
screened through the orthogonal experiment, and the screened emulsifier formulation was
ODEA /T154/SDBS = 2%:0.8%:0.4%. The roles of each component were clarified through
single-factor analysis.

The content of T154 was controlled at 0.8% and that of SDBS at 0.4%, and the content of
ODEA was changed, as shown in Figure 7a. The higher the content of ODEA, the poorer its
temperature resistance performance. When its content was too high, the performance of this
emulsifier became prominent, and the synergistic effect with other emulsifiers weakened,
resulting in a decrease in the temperature resistance of the emulsion. Therefore, its content
should not be too high, and the optimal content of ODEA was found to be 2%.

100 100
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80 80
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g
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%"
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6 18 24 6 12 18 24 6 12 18 24
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Figure 7. Effect of ODEA, T154, and SDBS concentrations on emulsion temperature resistance at
120 °C, optimizing the formulation to 2%:0.8%:0.4% via orthogonal test for minimal separation rate.

The content of ODEA was controlled at 2%, and that of SDBS at 0.4%, and the content
of T154 was changed. The experimental results are shown in Figure 7b. The higher the
content of T154, the stronger its high-temperature stability; within 18 h, for the emulsion
system with the T154 content of 0.8%, as the temperature increased, its emulsification rate
basically remained stable, and the liquid separation rate was much lower than that of
emulsions with other contents. The optimal content of T154 was found to be 0.8%.

The content of ODEA was controlled at 2% and that of T154 at 0.8%, and the content of
SDBS was changed. The experimental results are shown in Figure 7c. When the content of
SDBS was higher than 0.2%, its influence on the high-temperature stability of the emulsion
was slight. Since the surface of the emulsion droplets containing ionic emulsifiers had
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a certain chargeability, which increased the repulsive force between the droplets, it can
prevent the droplets from further coalescing and improve the stability of the emulsion.
Therefore, the optimal content of SDBS was found to be 0.4%.

3.2. Characteristic Evaluation
3.2.1. Particle Size Distribution

The particle size distribution of the emulsion under different conditions is shown in
Figure 8. In the initial state, the particle size of the emulsion was distributed between 10 pm
and 100 um, with D5p = 31.1 um and Dgg = 51.8 um for this emulsion; when the emulsion
was mixed with deionized water at a volume ratio of 2:1, its particle size was mainly
distributed between 20 um and 140 pm, among which D5y = 71.2 pm and Dgg = 107 pm.
Since the particle size distribution of this emulsion showed a single peak, it indicated
that the emulsion temporary plugging agent had good stability. At the same time, the
particle size of the emulsion increased after it was mixed with water. Therefore, during the
seepage process in the formation, the water phase will enter the interior of the emulsion,
thus increasing the particle size of the emulsion temporary plugging agent and effectively
plugging the high-porosity and high-permeability zones.

14

1k Temporary blockage

Waterflooding

Volune fraction /%

1 10 100 1000
Particle size /um

Figure 8. Particle size distribution of water-sensitive emulsion before and after exposure to
20 x 10* mg/L NaCl.

The increase in droplet size affected flow through two mechanisms: direct blockage,
where 71.2 um droplets effectively matched the pore throats of high-permeability cores
(>50 x 1073 um?, corresponding to pore throat diameters >70 um), increasing the proba-
bility of pore throat blockage and stabilizing the injection pressure difference at 2.1 MPa;
flow regime transition, where larger particle sizes led to an increase in the apparent vis-
cosity of the emulsion, which followed the shear-thinning behavior described by the
Carreau—Yasuda model [34]:

7(7) = 1o+ (110 — 7o) [+ (29)7] "1/ (2)

where 7 () is the apparent viscosity at a given shear rate ; 7o is the zero-shear viscosity; 77c
is the infinite-shear viscosity; A is the relaxation time; n is the power-law index (indicating
the degree of deviation from Newtonian behavior, with # < 1 denoting shear thinning); and
a is a shape parameter affecting the transition between low- and high-shear-rate regions.

The network structure formed at low shear rates further hindered fluid seepage,
corresponding to the moderate plugging pressure (1.5-2.0 MPa) in medium-permeability
cores (pore throats 30-50 pm).

3.2.2. Salt Resistance Performance

The effect of Na* concentration on emulsion viscosity is depicted in Figure 9. At
salinities below 15 x 10* mg/L, the viscosity remained relatively unchanged: for example,
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at mineralization degrees of 1 x 10,5 x 10%, and 10 x 10* mg/L, the measured viscosities
were 300.94437 mPa-s, 292.13678 mPa-s, and 311.09549 mPa-s, respectively—showing
minimal variation within this salinity range. This stability arose because the emulsifier
system was predominantly non-ionic, with only trace ionic components, rendering salt
ions less impactful on viscosity under moderate salinity conditions.

14 } —i— Traditional ODEA
—&— Compound system

Viscosity/mPa-s

6 8
Salinity/(10*mg-L™1)

Figure 9. Salinity—viscosity relationship curves of conventional ODEA emulsion and optimized
composite emulsion systems.

Notably, when salinity exceeded 15 x 10* mg/L, a pronounced increase in viscosity
occurred: at 20 x 10* mg/L, the viscosity rose to 488.88937 mPa-s, a 62% increase compared
to the 15 x 10* mg/L condition (302.13862 mPa-s). In contrast, the conventional ODEA
emulsion did not have obvious viscosity maintenance capability—the overall system
viscosity significantly increased with the increase in salinity, leading to a decline in diverting
efficiency; inability to effectively plug high-permeability layers; and an increased risk of
formation damage, which affects subsequent normal production. This behavior is attributed
to the increased water-phase density from elevated salt ions, which enhances inter-droplet
interactions; at high salinities, droplet collisions and steric hindrance intensified due to
reduced electrostatic repulsion (minimal for non-ionic emulsifiers), leading to structural
reinforcement and higher viscosity. These findings highlight a critical salinity threshold at
15 x 10* mg/L, beyond which salt concentration significantly influences emulsion rheology
through physical droplet interactions rather than emulsifier charge effects.

When the emulsion contacted a high-salinity aqueous phase (e.g., 20 x 10* mg/L
NaCl), the increased ionic strength caused the hydration layers of the hydrophilic groups
of surfactants (ODEA /T154/SDBS) to shrink, weakening the charge repulsion of the inter-
facial film and promoting droplet coalescence via the Ostwald ripening process (Figure 8).
According to Stokes’ law, the sedimentation velocity of droplets is proportional to the square
of their particle size. Larger particle sizes increase the migration resistance of droplets
in pore throats. Meanwhile, based on the Washburn equation [35], capillary resistance is
inversely proportional to the droplet radius, as expressed by the following formula:

LZZLrt

2 ®)

where L is the penetration distance of the liquid in the capillary; - is the surface tension
of the liquid; r is the radius of the capillary; ¢ is time; and 7 is the dynamic viscosity of
the liquid.

When the particle size increased to 71.2 um, the capillary resistance decreased by
approximately 56% compared to the initial state (31.1 um), making it easier to form bridging
plugging in large pore throats (>70 um). This is consistent with the experimental results of
a stable injection pressure difference of 2.1 MPa in high-permeability cores.
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3.2.3. Oil-Water Selectivity

The influence of diesel and high-salinity water at different volume fractions on the
viscosity of the emulsion is shown in Figure 10. After the emulsion was left standing at a
high temperature of 150 °C for 30 min, its viscosity was 302.7 mPa-s at 95 °C and 170 s~ 1.
When the mixing ratio of the emulsion to the high-salinity water exceeded 10:4, its viscosity
increased to 7090.9 mPa-s, and it presented a paste-like consistency. After the emulsion was
mixed with diesel of different volumes under the same conditions, its viscosity decreased
significantly. When the mixing ratio was 10:5, its viscosity decreased to 8.4 mPa-s.
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Figure 10. Viscosity response of emulsion to different oil-water volume ratios after high-temperature
(150 °C) aging.

After the emulsions with 30% and 40% high-salinity water added (the volume ratios
of the emulsion to the high-salinity water were 10:3 and 10:4) were continuously mixed
with diesel of different volumes, the viscosity of the emulsions decreased sharply in the
initial stage. After the volume of diesel exceeded 20%, the viscosities of the two emulsions
basically became the same and decreased to below 10 mPa-s.

When the emulsion temporary plugging agent was mixed with high-salinity water
with a salinity of 20 x 10* mg/L at a volume ratio of 2:1, its particle size distribution was
as is shown in Figure 8. After mixing with the high-salinity water, the particle size peak of
the emulsion shifted to the right, and the particle size distribution range became narrower.
This is because after the emulsion temporary plugging agent was mixed with the high-
salinity water, the particle size of the emulsion droplets increased, and the contact surface
between the droplets increased, thus increasing its viscosity. When the emulsion temporary
plugging agent was mixed with diesel, since diesel is the external phase of the emulsion,
the particle size of the emulsion droplets will not change. Instead, the emulsion droplets
can be dispersed in the diesel, thus destroying the contact between the emulsion droplets
and reducing its viscosity. Moreover, as the volume of diesel increases, the emulsion is
more evenly dispersed in the oil phase, so the viscosity of the emulsion temporary plugging
agent becomes lower and lower.

3.2.4. Temperature Resistance Performance

The viscosity of the systems with different volume ratios of the emulsion to high-
salinity water at different temperatures is shown in Figure 11. As the volume ratio of the
emulsion to high-salinity water increased, the viscosity of the emulsion gradually increased.

When the volume ratio was less than 10:4, the viscosity of the system changed little
with the temperature. When the volume ratio was 10:4, the viscosity of the system was
1278.5 mPa-s at 95 °C, 956.3 mPa-s at 120 °C, and 743.2 mPa-s at 150 °C. When the volume
ratio exceeded 10:4, the viscosity of the system increased sharply and presented a paste-like
consistency. When the volume ratio was 10:5, the viscosities of the system were 7090.9 mPa-s
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at 95 °C, 3526.5 mPa-s at 120 °C, and 2006.5 mPa-s at 150 °C. It had good high-temperature
resistance performance.
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Figure 11. Viscosity curves of emulsion systems at 95 °C, 120 °C, and 150 °C under 170 s~! shear rate.

The viscosity—temperature characteristic curves of emulsions with ODEA contents
of 2%, 2.5%, and 3% and the compound emulsifier were measured, and the results are
shown in Figure 12. For both the emulsion temporary plugging agents prepared with
single-emulsifier systems and those with compound emulsifier systems, the emulsion
viscosity decreased with increasing temperature. However, the viscosity decline rate of
emulsions prepared with compound emulsifiers was lower than that of emulsions prepared
with traditional emulsifiers. Moreover, the higher the temperature, the more significant
the difference in viscosity decline rate, with the traditional emulsifier-based plugging
agents showing a faster decline than the compound emulsifier-based emulsion temporary
plugging agents. Therefore, the compound emulsifier system exhibited stronger stability at
higher temperatures, with the viscosity of the compound emulsion reaching 295.6 mPa-s at
95 °C. Compared with conventional emulsion systems, this emulsion maintained higher
viscosity and underwent less viscosity loss as the temperature increased.
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Figure 12. Comparison curves of viscosity—temperature characteristics between the conventional
ODEA emulsions and the optimized composite emulsions.

This study focused on the stability of the emulsion in high-temperature and high-
salinity conditions in the short term (<6 h). The experimental data show that after the
emulsion was placed at 150 °C and 15 x 10* mg/L NaCl for 30 min, its viscosity retention
rate reached 92%, meeting the requirement of immediate plugging in acidization operations.
The long-term (>24 h) stability needed to be further studied in combination with the actual
contact time of the reservoir, and the relevant mechanism analysis can be emphasized as
subsequent work.
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3.2.5. System Compatibility

The influence of the plugging removal system on the viscosity of the compound
emulsion is shown in Figure 13. As the oil-water volume ratio increased, the viscosity of
the emulsion gradually increased (taking the system with a 5% addition of the plugging
removal system as an example, its viscosity increased from 268 mPa-s to 1523 mPa-s with
the increase in the oil-water volume ratio). However, the plugging removal system is
weakly acidic, which will, to a certain extent, damage the stability of the emulsion, thus
reducing its viscosity-increasing effect. When the oil-water volume ratio was 10:4, with
the increase in the addition of the plugging removal system, the viscosity of the system
gradually decreased from 866 mPa-s (wWhen there was no content of the plugging removal
system) to 387 mPa-s. When the content of the plugging removal system increased by 20%,
the viscosity of the system decreased by 55.3%. The reason is that ODEA had poor stability
under acidic conditions. When the temperature was relatively high, it reacted actively
with the acid solution, resulting in a decrease in the stability of the emulsion. However,
T154 (polyisobutylene succinimide) had strong acid resistance, and the presence of T154
played a certain stabilizing role in the emulsion. Therefore, under the combined effect of
these factors, the emulsion still had certain acid resistance properties, and the plugging
removal system had good compatibility with the water-sensitive emulsion. In order to
ensure a better temporary plugging effect, an isolation fluid can be injected in advance
before injecting the plugging removal system.
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Figure 13. The influence of acid solution on the viscosity of the emulsion at 95 °C.

3.3. The Temporary Plugging and Diverting Ability

The experimental results of the emulsion temporary plugging and subsequent water
flooding for low-permeability cores (Core No. 1 and Core No. 2, with k < 10 x 1073 um?)
are shown in Figure 14a,b. From the differential pressure curve of the emulsion temporary
plugging, it can be seen that when the emulsion temporary plugging agent was injected
into the low-permeability core, the injection differential pressure increased rapidly, and as
the injected volume increased, the differential pressure continued to increase without a
decreasing or leveling-off trend, indicating that the temporary plugging agent has difficulty
in entering the low-permeability core. From the subsequent water flooding curve, it can be
known that under the displacement condition of high differential pressure, the temporary
plugging agent still causes a certain degree of pollution to the core. The main reason is
that under the displacement condition of relatively high pressure, some of the emulsion
droplets with smaller particle sizes will partially enter the core, causing a certain blockage
to the low-permeability core.
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Figure 14. The variation curve of the injection parameters of the core temporary plugging agent.

The experimental results of the emulsion temporary plugging and subsequent water
flooding for medium-permeability cores (Core No. 4, No. 8, No. 10, and No. 15, with
10 x 1073 um? < k < 50 x 1073 um?) are shown in Figure 14c—f. From the differential
pressure change curve of the emulsion temporary plugging, it can be seen that as the
permeability of the core increased, the stable value of the injection differential pressure of
the emulsion temporary plugging agent gradually decreased. Under the subsequent water
flooding condition, due to the temporary plugging effect of the emulsion, the differential
pressure of water flooding increased rapidly, and the injected volume when the differential
pressure of water flooding reached the peak value was lower than the injected volume of
the emulsion. As the water phase broke through the core, the differential pressure of water
flooding decreased, and the differential pressure stabilized after a high-permeability water
flooding channel was formed.

When the emulsion entered the water-saturated core, since the emulsion temporary
plugging agent was a water-in-oil emulsion, it was able to stably exist in the water phase
and was also able to increase the volume of water under the condition of shear disturbance,
further increasing the viscosity of the emulsion, so that the injection differential pressure of
the emulsion temporary plugging agent kept increasing. With the continuous injection of
the emulsion, due to the blocking effect of the front-end emulsion, the subsequent emulsion
was unable to continuously increase the volume of the water phase. Moreover, because
the pore throats in the low-permeability area were small, the emulsion was difficult to
enter. Therefore, when the differential pressure reached a certain value, under the high
displacement differential pressure, the front-end emulsion lost its temporary plugging
effect, and the subsequent emulsion broke through along the high-permeability channel,
making the displacement differential pressure finally level off. And the larger the pore
throat size was, the weaker the blocking effect was. During the subsequent water flooding
process, due to the blocking effect of the emulsion, the seepage resistance of water increased
significantly compared with that before blocking. The water phase preferentially entered
the low-permeability pores, resulting in a relatively high displacement differential pressure.
As the size of the rock pore throats increased, the blocking effect of the emulsion weakened,
and the differential pressure required for the water phase to break through the core and
form a dominant channel decreased. However, due to the blocking effect of the emulsion,
the seepage resistance of the water phase after temporary plugging was still higher than
that before temporary plugging.
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The experimental results of the emulsion temporary plugging and subsequent water
flooding for high-permeability cores (Core No. 20 and Core No. 21, with k > 50 x 1073 um?)
are shown in Figure 14g,h. From the differential pressure curve, it can be seen that the
displacement differential pressure during the emulsion temporary plugging was basically
stable at 2.2 MPa, and the injected volume when the differential pressure of the emulsion
was stable was basically stable at 1.5 PV. The injected volume when the differential pressure
of the subsequent water flooding reached the peak value was basically stable at 1 PV. The
pore throat diameter of the high-permeability core was relatively large, and the resistance
value generated by the Jamin effect after the injection of the emulsion temporary plugging
agent was smaller than that of the low-permeability core. Therefore, the highest differential
pressure during the injection of the emulsion temporary plugging agent was stable at
about 2.1 MPa, but the temporary plugging agent still had a certain blocking effect on the
high-permeability core. During the subsequent water flooding process, due to the large
pore throat diameter, it is easy to break through the blockage of the temporary plugging
agent during the subsequent water flooding and form a water flooding channel, so the
differential pressure is relatively low when it stabilizes.

The Kozeny—Carman equation is cited to establish the relationship between perme-
ability and droplet size [36]:

r%s3
K= 1801 e @
where an increase in the equivalent droplet radius rp leads to a decrease in permeability
k, consistent with the trend of permeability in high-permeability cores decreasing from
65.41 x 1073 pm? to 20.53 x 1072 um? in the experiments. This model quantitatively
illustrates the impact of particle size evolution on reservoir permeability, strengthening the
theoretical support for the mechanism analysis.

The differences in pressure difference curves among cores with different permeabilities
(Figure 14) indicate that the plugging effect of the emulsion was significantly correlated with
the pore throat size—stable pressure difference (2.1 MPa) was formed in high-permeability
layers due to effective bridging between droplet aggregates and large pore throats, medium
plugging strength was observed in medium-permeability layers, and surface retention
mainly occurred in low-permeability layers due to pore throat restrictions. This phe-
nomenon echoes the droplet size evolution law (Figure 8), verifying the adaptability of the
water-sensitive self-thickening mechanism in heterogeneous reservoirs.

3.4. Analysis of Self-Thickening Mechanism

The essence of the self-thickening mechanism is the conformational transformation of
surfactants or polymer segments in the emulsion system under high-salinity environments
(such as the extension of coiled chains and rearrangement of micelle structures), which
increases the hydrodynamic volume and consequently triggers viscosity enhancement.
This property is crucial for high-temperature and high-salinity oil reservoirs—high-salinity
formation water can trigger a viscosity surge in the temporary plugging agent, enabling it
to form a high-strength physical barrier at pore throats, while viscosity can be controllably
degraded in low-salinity environments (e.g., during waterflood injection stages) to avoid
long-term formation plugging.

The performance of the water-sensitive self-thickening emulsion was governed by
three synergistic mechanisms. The nonionic surfactant ODEA (oleic acid diethanolamide)
establishes a foundational viscosity through hydrogen bonding networks in the aqueous
phase (as shown in Figure 7, viscosity increased significantly with concentration), while
the long-chain hydrophobic groups of T154 (polyisobutylene succinimide) enhanced inter-
droplet friction via physical entanglement, forming “cross-linking points”; SDBS (sodium
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dodecylbenzene sulfonate) not only reduced interfacial tension, but also strengthened the
network structure through electrostatic interaction between its sulfonate group (-SO3; "Na*)
and the betaine group of ODEA, as well as hydrogen bonding between its hydrophilic
sulfonate moiety and the polyoxyethylene chains of T154.

Upon exposure to high-salinity environments (e.g., 20 x 10* mg/L NaCl), increased
ionic strength induced shrinkage of the surfactant hydrophilic hydration layer, reducing in-
terfacial film flexibility and promoting droplet coalescence via Ostwald ripening, increasing
the particle size from D5y = 31.1 um to 71.2 um (Figure 8). According to Stokes’ law, this size
increase elevated sedimentation resistance and expanded inter-droplet contact areas, form-
ing reversible aggregates that manifested as a macroscopic viscosity increase to 302.7 mPa-s
at 15 x 10* mg/L NaCl (Figure 9). The emulsion exhibited typical pseudoplastic behavior:
at low shear rates (e.g., 95 °C, oil-water ratio 10:4), the droplet aggregate network yielded
a viscosity of 7090.9 mPa-s (Figure 11), whereas at high shear rates (170 s~!), the network
structure broke down but viscosity remained above 300 mPa-s, ensuring both pumpability
during injection and effective plugging in reservoir pores under static conditions (Figure 14
shows a stable injection pressure differential of 2.1 MPa in high-permeability zones).

4. Conclusions and Prospects
4.1. Conclusions

This study developed a water-sensitive self-thickening emulsion for high-temperature
and high-salinity (HTHS) reservoirs, addressing the limitations of traditional diverting
agents in heterogeneous formations. The optimized formulation (oil-water ratio 3:7, emul-
sifier ratio ODEA /T154/SDBS = 2%:0.8%:0.4%) exhibited robust stability under 150 °C and
15 x 10* mg/L NaCl, maintaining a viscosity >302.7 mPa-s and achieving particle size
growth from Dsg = 31.1 pm to 71.2 pm via salt-induced coalescence. This enabled selective
plugging in high-permeability zones, with a stable injection pressure differential of 2.1 MPa
in high-permeability cores, significantly enhancing waterflood sweep efficiency.

The emulsion demonstrated superior HTHS tolerance, with viscosity retention ex-
ceeding 92% after 30 min at 150 °C, surpassing the API RP 13A threshold (100 mPa-s)
for acidizing diverters. Core flooding tests validated its ability to form dense filter cakes
in high-permeability channels (permeability reduction >70%) while minimizing invasion
in low-permeability layers, achieving a 40% higher pressure differential compared to
conventional systems.

Although compatible with weakly acidic plugging removal systems, slight viscosity
reduction (55.3% at 20% acid concentration) highlights the need for isolation fluid pre-
injection. Single-core experiments confirm its adaptive plugging behavior: stable pressure
plateaus in high-permeability cores (k > 50 x 103 um?) and limited intrusion in low-
permeability cores (k < 10 x 1073 um?), attributed to pore throat-size matching.

This work provides a robust temporary plugging solution for HTHS reservoirs,
combining self-thickening mechanics, selective diversion, and low formation damage.
Future research will focus on long-term stability validation and field-scale injection
parameter optimization.

4.2. Prospects

1.  This study is a material development and mechanism research at the laboratory scale.
The determined formula resistant to high temperature and high salinity and the self-
thickening mechanism provide a theoretical basis for field applications. In the follow-
up, pilot trials will be carried out for the large-scale injection process to optimize the
construction parameters, such as the dynamic ratio of emulsifiers and the matching
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relationship between the injection rate and the formation permeability, and they will
further verify the temporary plugging effect under the actual reservoir conditions.

2. Toinitiate the process, during the pilot test stage, typical high-temperature and high-
salinity blocks will be selected to conduct small-scale well group tests, aiming to verify
the compatibility of the emulsion with formation fluids (e.g., crude oil compatibility
and clay mineral reactivity) and optimize injection process parameters. Subsequently,
in the process optimization stage, downhole pressure monitoring data will be inte-
grated to establish a “permeability—droplet size-injection pressure” matching model
and develop dynamic adjustment algorithms, enabling precise temporary plugging of
different permeability intervals. Finally, in the large-scale application stage, the tech-
nology will be synergized with acidization, fracturing, and other techniques to form
an integrated “emulsion temporary plugging and diverting + composite stimulation”

process system. By leveraging the self-thickening property of the emulsion, deep

interlayer temporary plugging will be achieved to enhance the stimulation efficiency
of low-permeability layers.

Author Contributions: Conceptualization, C.L., N.Q. and L.Z.; methodology, C.L.; software, X.L.;
validation, C.L., N.Q. and Z.L.; formal analysis, C.L.; investigation, C.L.; resources, N.Q. and L.Z,;
data curation, X.L.; writing—original draft preparation, C.L.; writing—review and editing, N.Q. and
L.Z.; visualization, Z.L.; supervision, N.Q. and L.Z.; project administration, L.Z.; funding acquisition,
N.Q. and L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 42472382; the China National Petroleum Corporation (CNPC) Major Science and Technology
Project 2023Z719; and the Natural Science Foundation of Shandong Province, China, grant number
ZR2024ME106.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Chong Liang was employed by the Research Institute of Petroleum Exploration
& Development, Xuesong Li was employed by Tianjin Branch, CNOOC Limited. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References

1. Wang, Y.; Fan, Y.; Zhou, C.; Luo, Z.; Chen, W.; He, T,; Fang, H.; Fu, Y. Research and Application of Segmented Acid Fracturing by
Temporary Plugging in Ultradeep Carbonate Reservoirs. ACS Omega 2021, 6, 28620-28629. [CrossRef] [PubMed]

2. Kang, S.; Pu, C; Wang, K,; Li, X.; Zhang, N.; Yan, D.; Huang, F. Investigation of the Oil-Soluble Particulate Temporary Plugging
Agent-Assisted Water Huff ‘n” Puff Enhanced Oil Recovery in Tight Oil Reservoirs. SPE J. 2023, 28, 2346-2364. [CrossRef]

3.  Chen, X;; Lu, X,; Liu, P; Du, J.; Liang, C.; Huang, Q.; Zhu, D.; Liu, F. A critical review of key points in temporary plugging
fracturing: Materials, injection, temporary plugging, and design. Geoenergy Sci. Eng. 2024, 240, 212981. [CrossRef]

4. Wang, L.; Yang, J.; Peng, J.; Han, H.; Wang, Y.; Lv, Z. Temporary Plugging Agent Evaluation Technology and Its Applications in
Shale Reservoirs in the Sichuan Basin. Processes 2023, 11, 2799. [CrossRef]

5. Harrison, N.W. Diverting Agents-History and Application. J. Pet. Technol. 1972, 24, 593-598. [CrossRef]

6. Obino, V.; Yadav, U. Application of Polymer Based Nanocomposites for Water Shutoff—A Review. Fuels 2021, 2, 304-322.
[CrossRef]

7. Hao, Y.; Zheng, X.; Fan, W.; Chen, S.; Ye, Z.; Tai, L. Research on Temperature-Resistant Polymer-Based Nano-SiO, Composite
Sealing Agent. |. Inorg. Organomet. Polym. Mater. 2024, 34, 4729-4741. [CrossRef]

8.  Yao, L.; Quan, X.; Zhang, Y.; Huang, S.; Feng, Q.; Zhang, X. Preparation and Performance Evaluation of High-Temperature
Polymer Nano-Plugging Agents for Water-Based Drilling Fluids Systems Applicable to Unconventional Reservoirs. Polymers
2025, 17, 588. [CrossRef]

9. Navratil, M.; Sovak, M.; Mitchell, M.S. Formation Blocking Agents: Applicability in Water—And Steamflooding. In Proceedings

of the SPE Annual Technical Conference and Exhibition, San Francisco, CA, USA, 5-8 October 1983.


https://doi.org/10.1021/acsomega.1c03021
https://www.ncbi.nlm.nih.gov/pubmed/34746557
https://doi.org/10.2118/215855-PA
https://doi.org/10.1016/j.geoen.2024.212981
https://doi.org/10.3390/pr11092799
https://doi.org/10.2118/3653-PA
https://doi.org/10.3390/fuels2030018
https://doi.org/10.1007/s10904-024-03121-4
https://doi.org/10.3390/polym17050588

Polymers 2025, 17, 1543 22 of 23

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Smith, C.L.; Anderson, J.L.; Roberts, P.G. New Diverting Techniques for Acidizing and Fracturing. In Proceedings of the SPE
California Regional Meeting, San Francisco, CA, USA, 6 November 1969.

Yan, Y.-L.; Xi, Q.; Una, C.-C.; He, B.-C.; Wu, C.-S.; Dou, L.-L. A novel acidizing technology in carbonate reservoir: In-Situ
formation of CO2 foamed acid and its self-diversion. Colloids Surf. A Physicochem. Eng. Asp. 2019, 580, 123787. [CrossRef]

Wu, Z; Liu, H.; Pang, Z.; Wu, C.; Gao, M. Pore-Scale Experiment on Blocking Characteristics and EOR Mechanisms of Nitrogen
Foam for Heavy Oil: A 2D Visualized Study. Energy Fuels 2016, 30, 9106-9113. [CrossRef]

Solbakken, J.S. Status of Foam as a Liquid Blocking Agent in Porous Media: A Review. Energies 2023, 16, 5063. [CrossRef]
Church, D.C.; Quisenberry, ].L.; Fox, K.B. Field Evaluation of Gelled Acid for Carbonate Formations. J. Pet. Technol. 1981, 33,
2471-2474. [CrossRef]

Bai, B.; Zhou, J.; Yin, M. A comprehensive review of polyacrylamide polymer gels for conformance control. Pet. Explor. Dev. 2015,
42,525-532. [CrossRef]

Samuel, M.; Card, R.J.; Nelson, E.B.; Brown, J.E.; Vinod, P.S.; Temple, H.L.; Qu, Q.; Fu, D.K. Polymer-Free Fluid for Hydraulic
Fracturing. In Proceedings of the SPE Annual Technical Conference and Exhibition, San Antonio, TX, USA, 5-8 October 1997.
Chang, F; Qu, Q.; Frenier, W. A Novel Self-Diverting-Acid Developed for Matrix Stimulation of Carbonate Reservoirs.
In Proceedings of the SPE International Symposium on Oilfield Chemistry, Houston, TX, USA, 13-16 February 2001.

van Santvoort, J.; Golombok, M. Viscoelastic surfactants for diversion control in oil recovery. J. Pet. Sci. Eng. 2015, 135, 671-677.
[CrossRef]

Liu, M.; Zhang, S.; Mou, J.; Zhou, F; Shi, Y. Diverting mechanism of viscoelastic surfactant-based self-diverting acid and its
simulation. J. Pet. Sci. Eng. 2013, 105, 91-99. [CrossRef]

Crowe, C.W.; Miller, B.D. New, Low Viscosity Acid in Oil Emulsions. In Proceedings of the Fall Meeting of the Society of
Petroleum Engineers of AIME, Houston, TX, USA, 6-9 October 1974.

Buijse, M.A.; van Domelen, M.S. Novel Application of Emulsified Acids to Matrix Stimulation of Heterogeneous Formations. SPE
Prod. Facil. 2000, 15, 208-213. [CrossRef]

Sayed, M.A.; Nasr-El-Din, H.A. Acid Treatments in High Temperature Dolomitic Carbonate Reservoirs Using Emulsified Acids:
A Coreflood Study. In Proceedings of the SPE Production and Operations Symposium, Oklahoma City, OK, USA,
23-26 March 2013.

Xu, H.; Zhang, L.; Wang, J.; Jiang, H. Evaluation of Self-Degradation and Plugging Performance of Temperature-Controlled
Degradable Polymer Temporary Plugging Agent. Polymers 2023, 15, 3732. [CrossRef]

Yang, F; Liu, J.; Ji, R.; Yu, X,; Yang, H.; Su, G. Degradable Gel for Temporary Plugging in High Temperature Reservoir and Its
Properties. Gels 2024, 10, 445. [CrossRef]

Bera, B.; Khazal, R.; Schroén, K. Coalescence dynamics in oil-in-water emulsions at elevated temperatures. Sci. Rep. 2021,
11, 10990. [CrossRef]

Mahdavi, M.S.; Tajikmansori, A.; Saeedi Dehaghani, A.H.; Seyed Mousavi, S.A.H. The Synergic Effect of Brine Salinity and
Dispersed Clay Particles on Water-in-Heavy Oil Emulsion: Insight into Asphaltene Structure and Emulsion Stability. SPE ]. 2024,
29,7163-7179. [CrossRef]

Jouenne, S. Polymer flooding in high temperature, high salinity conditions: Selection of polymer type and polymer chemistry,
thermal stability. J. Pet. Sci. Eng. 2020, 195, 107545. [CrossRef]

Liu, P; Li, W.; Wei, E; Hu, E; Zhu, X,; Jia, Z. Preparation of a fluid diversion agent for profile control in elevated temperature and
high salinity reservoirs. J. Appl. Polym. Sci. 2021, 138, 50875. [CrossRef]

Skauge, T.; Ormehaug, P.A.; Alsumaiti, A.; Masalmeh, S.; Skauge, A. Polymer Stability at Harsh Temperature and Salinity
Conditions. In Proceedings of the SPE Conference at Oman Petroleum & Energy Show, Muscat, Oman, 21-23 March 2022.
Dupuis, G.; Antignard, S.; Giovannetti, B.; Gaillard, N.; Jouenne, S.; Bourdarot, G.; Morel, D.; Zaitoun, A. A New Thermally
Stable Synthetic Polymer for Harsh Conditions of Middle East Reservoirs. Part I. Thermal Stability and Injection in Carbonate
Cores. In Proceedings of the Abu Dhabi International Petroleum Exhibition & Conference, Abu Dhabi, United Arab Emirates,
13-16 November 2017.

Muller, G.; Laine, J.P; Fenyo, J.C. High-molecular-weight hydrolyzed polyacrylamides. I. Characterization. Effect of salts on the
conformational properties. J. Polym. Sci. Polym. Chem. Ed. 1979, 17, 659-672. [CrossRef]

Ge, J.; Sun, X; Liu, R.; Wang, Z.; Wang, L. Emulsion Acid Diversion Agents for Oil Wells Containing Bottom Water with High
Temperature and High Salinity. ACS Omega 2020, 5, 29609-29617. [CrossRef] [PubMed]

Bist, N.; Nair, A.; Yadav, K.; Sircar, A. Diverting agents in the oil and gas industry: A comprehensive analysis of their origins,
types, and applications. Pet. Res. 2024, 9, 72-84. [CrossRef]

Zare, Y.; Park, S.P.; Rhee, K.Y. Analysis of complex viscosity and shear thinning behavior in poly (lactic acid)/poly (ethylene
oxide)/carbon nanotubes biosensor based on Carreau—Yasuda model. Results Phys. 2019, 13, 102245. [CrossRef]


https://doi.org/10.1016/j.colsurfa.2019.123787
https://doi.org/10.1021/acs.energyfuels.6b01769
https://doi.org/10.3390/en16135063
https://doi.org/10.2118/9753-PA
https://doi.org/10.1016/S1876-3804(15)30045-8
https://doi.org/10.1016/j.petrol.2015.10.030
https://doi.org/10.1016/j.petrol.2013.03.001
https://doi.org/10.2118/65355-PA
https://doi.org/10.3390/polym15183732
https://doi.org/10.3390/gels10070445
https://doi.org/10.1038/s41598-021-89919-5
https://doi.org/10.2118/223598-PA
https://doi.org/10.1016/j.petrol.2020.107545
https://doi.org/10.1002/app.50875
https://doi.org/10.1002/pol.1979.170170305
https://doi.org/10.1021/acsomega.0c04767
https://www.ncbi.nlm.nih.gov/pubmed/33225193
https://doi.org/10.1016/j.ptlrs.2023.09.004
https://doi.org/10.1016/j.rinp.2019.102245

Polymers 2025, 17, 1543 23 of 23

35.  Fournier, C.O.; Fradette, L.; Tanguy, P.A. Effect of dispersed phase viscosity on solid-stabilized emulsions. Chem. Eng. Res. Des.
2009, 87, 499-506. [CrossRef]

36. Wei, W,; Cai, J.; Xiao, J.; Meng, Q.; Xiao, B.; Han, Q. Kozeny-Carman constant of porous media: Insights from fractal-capillary
imbibition theory. Fuel 2018, 234, 1373-1379. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cherd.2008.11.008
https://doi.org/10.1016/j.fuel.2018.08.012

	Introduction 
	System Preparation and Analysis Methods 
	System Development 
	Properties Characterization 
	Particle Size Distribution Test 
	Salt Resistance Test 
	Oil–Water Selectivity Test 
	Temperature Resistance Evaluation 
	System Compatibility Test 

	Evaluation of the Temporary Plugging and Diverting Ability 

	Results 
	System Optimization 
	Oil–Water Ratio Optimization 
	Surfactant Optimization 
	Orthogonal Test of Emulsion Formula 

	Characteristic Evaluation 
	Particle Size Distribution 
	Salt Resistance Performance 
	Oil–Water Selectivity 
	Temperature Resistance Performance 
	System Compatibility 

	The Temporary Plugging and Diverting Ability 
	Analysis of Self-Thickening Mechanism 

	Conclusions and Prospects 
	Conclusions 
	Prospects 

	References

