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W N e

Abstract: In the process of waterflooding development of heavy oil, W/O emulsion has a strong
ability to improve the mobility ratio and block the high-permeability layer, which can effectively
improve the sweep coefficient and enhance oil recovery. In this paper, the stability and droplet
size distribution of emulsions under different conditions were studied by taking heavy oil and
formation water from Jimusar Oilfield in Xinjiang as samples. On this basis, double-pipe core
flooding experiments were carried out to study the shut-off ability and oil displacement efficiency
of W/O emulsion, and then a numerical simulation was carried out. The results show that oil and
water can be completely emulsified when the stirring speed is higher than 4000 r/min. A stable
emulsion can be formed when the experimental temperature is lower than 60 °C. A lower water
cut results in a more stable emulsion. The emulsion is difficult to stabilize after the salinity exceeds
10,000 mg/L. When the pH value is about 7, the stability of the emulsion is the worst. With the
increase in stirring speed, the increase in temperature, and the decrease in water content and salinity,
the emulsion droplet size range is relatively concentrated, and the average particle size is smaller. In
heterogeneous reservoirs, the permeability of different percolation channels is quite different, such
that the displacement fluid only percolates along the high-permeability channel and cannot drive oil
effectively. The results of displacement experiments show that the emulsion with a water cut of 60%
has high viscosity and obvious sweep ability, but its stability is very poor; the effect is opposite when
the water cut is less than 40%. The shut-off ability of W/O emulsion disappears gradually when the
permeability contrast is more than 5.92. The research results are of great significance for improving
oil recovery in heterogeneous heavy oil reservoirs.

Keywords: heavy oil reservoir; W/O emulsion; numerical simulation; emulsion stability;

shut-off capacity

1. Introduction

With the continuous exploitation of conventional crude oil, the efficient development
of heavy oil reservoirs will play a more and more important role in solving the problem
of energy shortage in the world [1]. Waterflooding is the most economical heavy oil
development method under current conditions. However, because the viscosity of heavy
oil is usually high and the mobility ratio of waterflooding is much greater than 1, the
viscous fingering phenomenon can easily occur in waterflooding [2]. As a result, the sweep
efficiency and oil recovery of waterflooding in heavy oil reservoirs are lower than those
in conventional reservoirs. Therefore, it is urgent to find an effective method to further
improve the recovery of heavy oil reservoirs developed by waterflooding.

Emulsion is a multiphase dispersion system formed by one liquid uniformly dis-
persed in another immiscible liquid. There are two kinds of common emulsions; one is

Appl. Sci. 2022,12,11867. https:/ /doi.org/10.3390/app122211867

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122211867
https://doi.org/10.3390/app122211867
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4101-8958
https://doi.org/10.3390/app122211867
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122211867?type=check_update&version=2

Appl. Sci. 2022,12, 11867

2 of 20

an O/W emulsion with oil as the dispersion phase and water as the dispersion medium,
and the other is a W/O emulsion with water as the dispersion phase and oil as the disper-
sion medium [3].

In oilfield development, 95% of crude oil is produced in the form of an emulsion [4].
Because oil and water phases are subjected to various shearing actions in the process of
production and transportation, these shearing actions can make the active components in
crude oil (asphaltene, colloid, etc.) gradually adsorb on the oil-water interface and emulsify
oil and water to form emulsions [5]. In the reservoir, moderate emulsification of oil and
water can increase the viscosity of the displacement phase and produce the Jamin effect
in the narrow pore throat, thus improving the mobility ratio and expanding the sweep
volume [6,7]. Therefore, the formation of a crude oil emulsion with proper stability in the
process of waterflooding is of great significance to improve the mobility ratio and expand
the sweep efficiency.

An important criterion to measure the emulsion is the stability of the emulsion [8]. It
is generally believed that, if the emulsion is more stable, the premise is that the interfacial
tension between oil and water must be lower, which can be achieved by adding surfactant,
whereby the stability of the emulsion is affected by the interfacial tension [9]. However,
Li and others also drew another important conclusion. By studying the surfactants (such
as colloid and asphaltene) in Beihai crude oil, according to the corresponding relationship
between the interfacial pressure of the emulsion formed by this substance and the stability
of the emulsion [10], it was concluded that not only do the properties and structure of the
emulsifier itself have a significant effect on the stability of the emulsion, but the interfacial
pressure is also the most important factor influencing the strength of the interfacial film [11].
The strength of the interfacial film increases with the increase in interfacial pressure; hence,
the emulsion becomes more stable. Therefore, the interfacial pressure can be used to
indicate the strength of the interfacial film. [12]. Interfacial viscosity and interfacial pressure
can be used as two important parameters to measure the structural strength of the interfacial
film, and they play an important role in characterizing the rheological properties of the
interfacial film. The strength of the interfacial film increases with the decrease in interfacial
viscosity, such that the emulsion becomes more stable [13].

The stability of emulsions Is usually improved in the presence of surfactants, polymers,
inorganic salts, or their combination [14]. In addition to the composition and properties
of the oil phase and water phase, the stability is also greatly affected by the mixing condi-
tions [15-18]. The current research is mainly focused on the static stability of the emulsion
after preparation. Thermodynamically speaking, the emulsion is an unstable system, and
the two phases are eventually separated in a stationary state. Generally speaking, the
stability of the emulsion decreases with the increase in moisture content [19,20]. The prepa-
ration temperature can rapidly reduce the stability of most crude oil emulsions [20-22].
However, in some cases, the temperature may increase the formation rate of the interfacial
film and enhance the stability of the emulsion [23,24]. Some researchers have pointed out
that stronger shear strength can improve the stability of the emulsion [19,23,25]. However,
other studies have found that emulsion stability initially increases with the increase in shear
strength, but decreases when the shear strength is higher than a certain critical value [26,27].

At present, people usually regard emulsification as one of the oil displacement mecha-
nisms of surfactant flooding or poly/surface binary flooding. Few people have systemati-
cally studied the effect of emulsion properties on heavy oil recovery from the perspective
of emulsification itself. In this paper, the stability and droplet size distribution of W/O
emulsions formed under different stirring speeds, temperatures, water cuts, mineralization
degrees, and pH values were studied, on the basis of which double-tube core flooding
experiments were carried out to study the shut-off capacity and oil displacement effi-
ciency of W/O emulsions under different permeability contrasts and different water cuts
of emulsions. Then, a numerical simulation of heavy oil emulsion flooding was carried out.
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2. Experiments
2.1. Emulsification Experiment
2.1.1. Materials and Devices

The main experimental materials were heavy oil samples, formation water, deionized
water, dilute hydrochloric acid solution, and sodium bicarbonate solution. Heavy oil
samples and formation water were provided by Jimusar Oilfield, Xinjiang, China. Table 1
lists the properties and composition of heavy oil samples. Table 2 lists the composition of
formation water as analyzed by an ion chromatograph.

Table 1. Properties and composition of crude oil.

Density Viscosity Saturates Aromatics Resins Asphaltenes
(20°C) (50°C)
(Wt.‘yo) (Wt.o/o) (Wt.o/o) (Wt.o/o)
(g/cm3) (mPa-s)
0.92 1231 27.48 29.26 36.46 6.8

Table 2. Ion composition of formation water.

Mineralization Degree (mg/L) Ion Concentration (mg/L)
K* Na* Mg?* Ca?** HCO3~ Cl- SO42~
7795.43 19.2 34047 13.6 522 31445 3930.89 60.39

Key experimental equipment included an IKA.T18 digital display disperser, water bath,
and ESW-2 microscope. The ESW-2 microscope was made by ZEISS Company in Germany.

2.1.2. Experiment Preparation

In the experiment, crude oil and formation water were mixed in a predetermined
proportion (water cut of emulsion), put into a beaker, and then heated to the temperature
required by the experiment in a water bath, where the water bath provided a constant
container temperature. The IKA.T18 digital display disperser was used to stir the mixture
at a constant speed for a certain time to obtain the emulsion sample. The actual reservoir
temperature of 60 °C, with a stirring speed of 4000 r/min, is equivalent to the shear force
in reservoir formation, whereas, for a stirring time of 60 min with a water cut of 40%, the
preparation of the emulsion and the actual reservoir emulsion particle size was similar;
hence, these conditions were taken as the basic experimental conditions.

(1) Stirring speed. In order to study the effect of stirring speed on the stability of emul-
sion, other experimental conditions remained unchanged. The emulsion was prepared
at stirring speeds of 200 r/min, 1000 r/min, 2000 r/min, 4000 r/min, 7000 r/min, and
12,500 r/min. The prepared emulsions were then allowed to stand for 40 days under
the experimental conditions.

(2) Temperature. In order to study the effect of temperature on the stability of the
emulsion, the emulsions were prepared at 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, and
90 °C. The prepared emulsions were then allowed to stand for 40 days under the
experimental conditions.

(3) Water cut of emulsion. In order to study the effect of water cut on the emulsion, the
water cuts of the emulsions were set to 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
and 90%. The prepared emulsions were then allowed to stand for 40 days under the
experimental conditions.

(4) Mineralization degree. Under the same experimental conditions, the formation water
was made into water with different mineralization degrees using deionized water,
i.e., 2000 mg/L, 4000 mg/L, 6000 mg/L, 8000 mg/L, and 10,000 mg/L, and then
the emulsion with 40% water cut was prepared to study the effect of mineralization
degree on the emulsion. The prepared emulsions were then allowed to stand for
40 days under the experimental conditions.
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(5) pH value. Under the condition of constant stirring speed and time, temperature,
and water cut of the emulsion, the pH value of the formation water was changed
using diluted hydrochloric acid solution and sodium bicarbonate solution. Then, it
was used to prepare emulsions to study the effect of pH value on the stability of the
emulsion. The prepared emulsions were then allowed to stand for 40 days under the
experimental conditions.

2.1.3. Investigation of Emulsion Properties
(1) Emulsion stability

The prepared emulsions were placed in a measuring cylinder, and the volume of water
separated from the emulsion was recorded at the temperature required for the experiment.
The water bleeding rate was equal to the ratio of the volume of precipitated water to the
volume of the emulsion. General experiments indicate that, after 30 days of standing
emulsion, if the water bleeding rate is less than 5%, it is considered to be of relatively
good stability, whereas, for different emulsions, a smaller water bleeding rate represents
better stability.

(2) Emulsion droplets size distribution

After the emulsions were prepared, they were placed on a glass slide and pho-
tographed at room temperature under an ESW-2 microscope. The micrographs obtained
were analyzed using Image Pro Plus software. The droplet size was measured and classified
according to the size interval, and then the average diameter of each emulsion sample
was calculated.

2.2. Emulsion Flooding Experiment
2.2.1. Materials

The main experimental materials were heavy oil samples, formation water, and cores
from Jimusar Oilfield in Xinjiang, China. Table 3 lists the properties of cores in this experiment.

Table 3. Table of displacement core parameters.

Permeability Permeability to Water Porosity
Contrast (mD) (%)
@ 203 124.36 19.29
@) : 62.26 16.86
® 121.34 18.92
® 3.24 37.45 15.65
® 156.86 19.95
® 5.92 26.5 14.87
@ 8.34 119.2 17.28
’ 14.29 12.15

2.2.2. Experimental Apparatus

Figure 1 shows the double-tube core flooding experimental device, consisting of
four parts.
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Figure 1. Experimental device of double-pipe core displacement.
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Injection system. The system consisted of three piston containers and ISCO pumps
containing heavy oil samples, formation water, and emulsion. The injection rate
was stable.

Pipeline and reservoir simulation system. The system was composed of two core
holders and an oven. The cores of the studied oil field were selected to simulate the
actual reservoir. The oven could simulate the actual reservoir temperature, and the
specifications of the core holder were 25 mm x 300 mm.

Product collection and calculation system. The system used beakers to collect the
produced liquid and used the weighing method to measure.

Temperature and pressure control system. The system consisted of a gas cylinder,
an oven, a back pressure valve, a pressure reducing valve, two pressure sensors, and
two pressure gauges.

2.2.3. Experimental Procedures

D

(2

3

@

(5)

The main procedures were as follows:

Experimental preparation. The core was dried, and the core quality was weighed.
It was checked whether the pipeline leaked step by step; the core was extracted for
4-5 h under the condition of —0.1 MPa pressure, and then the core was removed after
absorbing water. The surface water was quickly wiped off with paper, the mass was
weighed again, and the core pore volume could be obtained from the increase in mass
of the core after absorbing water, while the porosity could be calculated.
Permeability to water. The permeability was measured using water at three injection
rates, and the average permeability was calculated. The permeability and porosity
measured in eight cores are shown in Table 3, and the results were divided into four
groups according to the permeability difference.

Saturated oil. The first step involved saturated water. Then, saturated oil was applied
at an appropriate injection rate of 0.05 mL/min, and the outlet end cylinder measured
the volume of discharged water until there was no more water. The total volume of
discharged water was the volume of saturated oil, and the original oil saturation and
irreducible water saturation could be calculated. The core aged for 12 h after being
saturated with oil.

Emulsion flooding. An injection speed of 0.5 mL/min needed for the experiment
was selected to inject the emulsion of 1 PV.

Water flooding. At the end of the emulsion injection stage, subsequent wate flooding
was carried out at the same injection speed.
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2.2.4. Investigation of Emulsion Flooding

In the double-pipe core displacement experiment, two types of experiments were
carried out, with a total of eight experiments. The first group of experiments considered
the effect of the permeability difference on the shut-off ability of the emulsion, and the
experiments were carried out under the conditions of permeability contrasts of 2.03, 3.24,
5.92, and 8.34. The second group of experiments considered the effect of water cut of
the emulsion on the shut-off ability of the emulsion, and the experiments were carried
out under the conditions of water cuts of 30%, 40%, 50%, and 60%. It is worth noting
that the crude oil contained in the injected emulsion accounted for the proportion of oil
displacement efficiency.

In the first group of experiments, the oven temperature was maintained at 54 °C, the
injection rates of emulsion and water was maintained at 0.5 mL/min, and the emulsion
with 40% water cut was selected. Four double-tube pipe displacement experiments were
carried out according to the above experimental steps. In each experiment, the weight of
the liquid produced by the two beakers at multiple timepoints was recorded to analyze the
double-pipe fractional flow rate, and then the water in the beaker was dried to obtain the
oil recovery and calculate the oil displacement efficiency. Then, the relationship between
the fractional flow rate and the number of injected PVs and the relationship between the
water cut and the oil displacement efficiency were analyzed.

In the second group of experiments, the oven temperature was maintained at 54 °C,
the injection rate of emulsion and water was maintained at 0.5 mL/min, and a group of
cores with a permeability contrast of 2.03 was selected. Four double-pipe core displacement
experiments were carried out with emulsions with water cuts of 30%, 40%, 50%, and 60%.
In each experiment, the weight of the liquid produced by the two beakers at multiple
timepoints was recorded to analyze the double-pipe fractional flow rate, and then the water
in the beaker was dried to obtain the oil production and calculate the oil displacement
efficiency. Then, the relationship between the fractional flow rate and the number of
injected PVs and the relationship between the water cut and the oil displacement efficiency
were analyzed.

3. Results and Discussion
3.1. Analysis of Emulsion Properties
3.1.1. Emulsion Stability

Figure 2 shows the water precipitation of the prepared emulsion after standing for a
period of time.

bleeding water
Figure 2. Experimental photograph of water precipitated from the emulsion after standing for 40 days.

From Figure 2, it can be seen that there was water precipitation at the bottom of the
measuring cylinder, and the water bleeding rate was equal to the ratio of the volume of
water precipitated from the emulsion to the volume of the emulsion itself. Next, the water
bleeding rate of the emulsion at multiple timepoints was recorded, and the relationship
curve between the standing time and the water bleeding rate was established to study the



Appl. Sci. 2022,12, 11867

7 of 20

influence of five factors on the stability of the emulsion. The size of the water bleeding
rate represents the stability of the emulsion, whereby a lower water bleeding rate of the
emulsion indicates better stability.

(1) Effect of stirring speed

Figure 3 displays the effect of stirring speed on the stability of the emulsion. Figure 4
shows the effect of stirring speed on the viscosity of the emulsion.

%200 r/min -£-1000 r/min ~-2000 r/min -A-4000 r/min ->-7000 r/min 12,500 r/min
100

Water bleeding rate (%)

e X .
0 10 20 30 40
Time (d)

Figure 3. Effect of stirring speed on emulsion stability.

mm QOil viscosity ~ mmEmulsion viscosity ~ —e—Viscosity increase multiple

1200

1000

800
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Multiple

400

Viscosity (mPa-s)

200

200 1000 2000 4000 7000 12,500
Stirring speed (r/min)

Figure 4. Influence of stirring speed on emulsion viscosity; the viscosity of oil is provided as a reference.

As shown in Figure 3, with the change in stirring speed, the water bleeding rate in the
same time period changed. With the increase in stirring speed, the water bleeding rate of
the emulsion decreased gradually, indicating that the stability of the emulsion increased
gradually. The water bleeding rate varied greatly with stirring speed when it was less
than 7000 r/min. The emulsion was basically stable after 7000 r/min. Because the stirring
speed was small and the input energy of the system was small, the dispersion degree of
the internal phase was relatively low. With the extension of the standing time, the water
bleeding rate increased, but the extent of the increase decreased gradually, due to the
gradual sedimentation and coalescence of the incompletely dispersed droplets. With the
increase in stirring speed, the dispersed phase droplets were subjected to greater shear,
resulting in deformation and rupture, tending to form smaller droplets, and gradually
making the droplet size and distribution reach equilibrium. At this time, a further increase
in stirring speed did not affect the stability of the emulsion [28].

As shown in Figure 4, with the increase in stirring speed, the viscosity of the emulsion
increased gradually, reaching the highest value at 7000 r/min, which was 2.23 times higher
than that of crude oil. An emulsion with high viscosity can play a more important role in
plugging the high-permeability formation and improving the mobility ratio.
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(2) Effect of temperature

Figure 5 displays the effect of temperature on the stability of the emulsion. Figure 6
shows the effect of temperature on the viscosity of the emulsion.

*-90 °C 580 °C =70 °C 460 °C %50 °C 40 °C

80 +

60 +

401

Water bleeding rate (%)

20 1

A
0 10 20 30 40

Time (d)

Figure 5. Effect of temperature on emulsion stability.

mm QOil viscosity == Emulsion viscosity ~ —e—Viscosity increase multiple

6000

5000

'S
=3
=3
<

3000

ty (mPa-s)

1

Multiple
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>
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Temperature (°C)

Figure 6. Influence of temperature on emulsion viscosity; the viscosity of oil is provided as a reference.

As shown in Figure 5, the water bleeding rate of the emulsion basically showed an
increasing trend with the increase in temperature. The water bleeding rate was relatively
low as a function of residence time extension when the temperature was below 50 °C,
indicating that the emulsion was relatively stable. A lower temperature led to a better
stability of the emulsion. The increase in temperature increased the solubility of natural
emulsifiers such as asphaltene and colloid in crude oil, which, on the one hand, increased
the difficulty of emulsification and made the droplets formed by stirring larger; on the other
hand, the adsorption amount of emulsifiers on the oil-water interface decreased, and tended
to be arranged irregularly, such that the strength of the oil-water interface film decreased,
the discharge speed of the interface film increased, and the stability became worse. At the
same time, an increase in temperature led to the intense thermal movement of molecules in
the emulsion system, and the probability of collision and coalescence of the inner phase
water droplets increased, thus accelerating the demulsification of the emulsion [29].

As shown in Figure 6, the viscosity of the emulsion and crude oil decreased with the
increase in temperature, and the viscosity ratio of emulsion to crude oil increased with the
increase in temperature.

(3) Effect of water cut of emulsion

Figure 7 displays the effect of water cut on the stability of the emulsion. Figure 8
shows the effect of water cut on the viscosity of the emulsion.
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Figure 7. Effect of water cut of emulsion on stability.

mm Oil viscosity ~ mmEmulsion viscosity ~ —e=Viscosity increase multiple

1400 25
1200 }
{20
_.1000 }
@»
£ 15
£ 800 w2
z e
Z 600
3 10 =
> 400 }
{os
200 +
0 A

Oil 10 20 30 40 50 60 70 8 90
Water cut of emulsion (%)

Figure 8. Influence of water cut on emulsion viscosity; the viscosity of oil is provided as a reference.

As shown in Figure 7, the water bleeding rate of the emulsion increased with the
increase in water cut for the same residence time, indicating that a lower water cut led to
better stability of the emulsion. When the water cut was less than 50%, there was little
change in emulsion stability. An increase in water cut, i.e., an increase in the concentra-
tion of the inner phase, increased the total area of the oil-water interface, reduced the
amount of emulsifier adsorption per unit area, reduced the strength of the interfacial film,
reduced the coalescence resistance of the dispersed droplets, and reduced the stability of
the emulsion [30].

As shown in Figure 8, for water cuts of 10% to 60%, the viscosity of the emulsion
increased with the increase in water cut, whereas, when the water cut was greater than
60%, the viscosity decreased as the water cut increased. The viscosity ratio of the emulsion
with 60% water cut to crude oil could reach 2.4. The viscosity of the emulsion with 90%
water cut was lower than that of crude oil. This was due to the increase in water cut and the
increase in the viscosity of the emulsion, which made the mutual shear interaction between
the dispersed droplets stronger, benefitting the deformation, elongation, and fracture of the
droplets and, thus, forming smaller droplets. At the same time, the increase in viscosity
weakened the interaction of dispersed phase droplets in the static position, and the settling
process of droplets under the action of gravity was also inhibited. At a certain timepoint,
the emulsion emulsified rapidly and the viscosity decreased.

(4) Effect of mineralization degree

Figure 9 displays the effect of mineralization degree on the stability of the emulsion.
Figure 10 shows the effect of mineralization degree on the viscosity of emulsion.
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Figure 9. Effect of mineralization degree on stability.
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Figure 10. Influence of mineralization degree on emulsion viscosity; the viscosity of oil is provided
as a reference.

As shown in Figure 9, with the increase in mineralization degree, the water bleeding
rate of emulsion increased slightly, indicating that a lower mineralization degree leads to a
better stability of the emulsion. Due to the existence of an electro-double structure at the
oil-water interface, ions with opposite electrical properties of dispersed droplets acted as
emulsifiers. For the W/O emulsion, negative ions contributed to demulsification, whereas
positive ions mainly deformed the water droplets and promoted the destruction of the
emulsion structure, thus making the stability of the emulsion worse.

As shown in Figure 10, the viscosity of the emulsion decreased with the increase in
mineralization degree. The viscosity of the emulsion was 1.2-2.3 times that of oil, and a
higher mineralization degree led to a lower emulsion viscosity.

(5) Effect of pH value

Figure 11 displays the effect of pH on the stability of the emulsion. Figure 12 shows
the effect of pH value on the viscosity of the emulsion.
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Figure 11. Effect of pH value on emulsion stability.
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Figure 12. Influence of pH value on emulsion viscosity; the viscosity of oil is provided as a reference.

As shown in Figure 11, the emulsion had the highest water bleeding rate and the
lowest stability at pH 7.11, indicating that the emulsion had good stability. This is because,
when the pH value was neutral, the oil-water interface tension was highest, whereas the
interfacial tension decreased rapidly with the increase or decrease in pH value. When the
pH was too low, it stimulated the charging of natural active substances in the crude oil and
increased their activity. This made it easier to adsorb on the oil-water interface, resulting in
a decrease in oil-water interfacial tension and an increase in interfacial film strength, thus
increasing the stability of the emulsion [31].

As shown in Figure 12, the emulsion had the lowest viscosity at pH 7.11. The viscosity
of the emulsion showed an increasing trend, being 1.1-2.4 times that of crude oil when the
pH value was less than or greater than 7.

3.1.2. Emulsion Particle Size Distribution

The shut-off capacity of an emulsion in porous media is directly related to the size
of droplets. In general, emulsions have better sealing characteristics when the size of the
droplet matches the diameter of the pore throat. Therefore, it is of great significance to
study the particle size distribution of emulsion droplets. Figure 13 shows microscopic
images of the emulsion particle sizes at different microscopic scales. Figure 13 shows that
the emulsion constituted different particle sizes.
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Figure 13. Photomicrographs of emulsion at different microscopic scales, showing droplets of
emulsion of different sizes: (a) 20 um; (b) 5 um.
(1) Effect of stirring speed

Figure 14 shows the results of the particle size distribution of emulsion droplets at
different stirring speeds.
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Figure 14. Effect of stirring speed on particle size distribution: (a) 2000 r/min; (b) 4000 r/min;
(c) 7000 r/min; (d) 12,500 r/min.

As shown in Figure 14, the size range of emulsion droplets decreased with the increase
in stirring speed, and the average diameter decreased with the increase in stirring speed.
With the increase in stirring speed from 2000 r/min to 12,500 r/min, the droplet size
decreased from 0.5-11.5 pm to 0.2-5.3 pm, and the average diameter decreased from
3.45 um to 1.24 um. A higher stirring speed led to a smaller particle size of the emulsion
and a more uniform distribution. Due to the increase in stirring speed, the dispersed
phase droplets were subjected to greater shear, resulting in deformation and rupture,
tending to form smaller droplets, and gradually making the droplet size and distribution
reach equilibrium.

(2) Effect of temperature

Figure 15 shows the results of the particle size distribution of emulsion droplets at
different temperatures. As shown in Figure 15, the size range and average diameter of
emulsion droplets decreased with the increase in temperature. The size range of emulsion
droplets decreased from 0.75-3.65 pm to 0.55-1.73 pm and the average diameter decreased
from 2.00 pm to 1.01 pm when the temperature increased from 40 °C to 90 °C. A higher
temperature led to a smaller particle size of the emulsion and a more uniform distribution.
An increase in temperature led to the intense thermal movement of molecules in the
emulsion system, while the probability of collision and coalescence of water droplets in
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the inner phase increased, such that the droplet size became smaller and the distribution
became more uniform.
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Figure 15. Effect of temperature on particle size distribution: (a) 40 °C; (b) 50 °C; (c) 60 °C; (d) 70 °C;
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(3) Effect of water cut of emulsion

Figure 16 shows the results of the particle size distribution of emulsion droplets under
different water cuts. As shown in Figure 16, with the increase in water cut from 30% to
80%, the size range of emulsion droplets increased from 0.2-6.6 pum to 0.7-17.3 pm, and the
average diameter increased from 0.92 pm to 4.65 um. A lower water cut led to a smaller
particle size of the emulsion and a more uniform distribution. This behavior is consistent
with previous studies on the stability of the emulsion. An emulsion with large droplets
has a high aggregation rate, resulting in instability of the emulsion. With the water cut of
emulsion increasing, the coalescence resistance of dispersed phase droplets decreased, such

that the particle size of emulsion droplets increased with the increase in water cut.
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Figure 16. Effect of water cut of emulsion on particle size distribution: (a) 30%; (b) 40%; (c) 50%;
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(4) Effect of mineralization degree

Figure 17 displays the results of the particle size distribution of emulsion droplets

under different mineralization degrees.
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Figure 17. Effect of mineralization degree on particle size distribution: (a) 2000 mg/L; (b) 4000 mg/L;
(c) 6000 mg/L; (d) 8000 mg/L; (e) 10,000 mg/L.

As shown in Figure 17, the emulsion droplet size range increased from 0.32-5.14 pm
to 1.5-17.36 um, and the average diameter increased from 0.96 um to 5.6 um when the
mineralization degree increased from 2000 mg/L to 10,000 mg/L. A higher mineralization
degree led to a larger particle size of the emulsion and a wider distribution range. This
behavior is consistent with previous studies on the stability of the emulsion. When the
emulsion is less mineralized, the coalescence rate is lower, and the stability is better. In
the case of a high mineralization degree, the ion strength adsorbed around the emulsion
droplets increased with the increase in ion content, such that the particle size of the emulsion
increased with the increase in salinity.

(5) Effect of pH value

Figure 18 shows the results of the particle size distribution of emulsion droplets at
different pH values. As shown in Figure 18, emulsion droplets ranged from 0.8 um to
16.7 pm with an average diameter of 4.31 um at a pH of 7.11. The emulsion droplet size
was smaller and the distribution was smaller when the pH was close to acidic or alkaline.
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3.2. Analysis of Emulsion Flooding
3.2.1. The Influence of Permeability Contrast

Figure 19 displays the flow distribution of high-permeability and low-permeability
pipes under different permeability contrasts.
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Figure 19. Influence of permeability contrast on fractional flow: (a) 2.03; (b) 3.24; (c) 5.92; (d) 8.34.

As shown in Figure 19, the ability of the emulsion with 40% water cut to blank off
the high permeability tube was demonstrated after the injection of 0.65 PV when the
permeability contrast was 2.03, and the low-permeability tube was activated. At 1.54 PV
total injection (including emulsion injection of 1 PV), the blocking ability disappeared. The
low-permeability pipe was initiated at a permeability contrast of 3.24 after the injection of
0.82 PV. The emulsion shut-off capacity disappeared at a total injection volume of 1.51 PV.
The low-permeability pipe was activated when the emulsion was injected with 0.93 PV at a
permeability contrast of 5.92, and the emulsion containment capacity disappeared when
the total injection was 1.48 PV. At a permeability contrast of 8.34, the emulsion with 40%
water cut could not start a low-permeability pipe. With the increase in the permeability
contrast, the shut-off capacity of the emulsion with 40% water cut was gradually weakened.

Figure 20 shows the relationship between water cut in the production fluid and the
overall oil displacement efficiency under different permeability contrasts.
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Figure 20. The relationship between water cut and oil displacement efficiency under different
permeability contrasts.
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As shown in Figure 20, the oil displacement efficiency with a permeability contrast
of 2.03 was the highest, followed by 3.24, 5.94, and 8.34. The water cut in the production
was about 40%, and the emulsion could be used to block off at the permeability of 5.92, but
not by much. At a permeability contrast of 3.24, the effect of emulsion blocking off was
obvious, whereas, at a low water cut, the oil displacement efficiency was obviously lower
than the permeability contrast of 2.03.

3.2.2. Effect of Water Cut of Emulsion

Figure 21 displays the flow distribution of high- and low-permeability pipes in the
process of emulsion displacement with different water cuts when the permeability contrast
was 2.03. As shown in Figure 21, at 30% water cut of the emulsion, the ability of the
emulsion to block the high-permeability pipe was demonstrated when the emulsion was
injected with 0.9 PV, the low-permeability pipe was activated, and the shut-off capacity
of the emulsion disappeared when the total injection was 2.0 PV. At 40% water cut in
the emulsion, the low-permeability pipe was activated when the emulsion was injected
with 0.65 PV, whereas, at 1.54 PV in total, the emulsion shut-off capacity disappeared.
At 50% water cut of emulsion, when injected with 0.6 PV, the emulsion began blocking
the high-permeability pipe and started the low-permeability pipe, whereas the emulsion
shut-off capacity disappeared when the total injection was 1.16 PV. When the total injection
amount was 1.16 PV, the emulsion plugging capacity disappeared to the maximum. At 60%
water cut of emulsion, the low-permeability pipe was activated after injection of 0.35 PV of
emulsion, and the shut-off capacity of emulsion disappeared after total injection of 0.69 PV.
From the fractional flow under the condition of emulsion flooding with different water
cuts, it can be seen that, when the water cut of the emulsion increased, the shut-off capacity
of the emulsion increased, but the plugging time was shorter. The reverse phenomenon of
the fluid entry profile occurred in emulsion flooding with 60% water cut.

100
(a) m\\f/ (b)
80
5 Emulsion flooding Water flooding

100

=
g

S g
z g
£ 60 Emulsion flooding ‘Water flooding £ 60
N
B B -&-High permeability pipe
ER) < High permeability pipe ERY o Low permeability pipe
‘g --Low permeability pipe §
=4 =
» f\ ) /
0 J 0
0.0 0.5 1o 15 2.0 25 0.0 0.5 10 15 2.0
Injection volume (Pore volume multiple) Injection volume (Pore volume multiple)
100 S 100
© )

Emulsion flooding Water flooding
60 + Emulsion ) .
flooding Water flooding

-High permeability pipe -High permeability pipe

Fractional flow rate (%)
Fractional flow rate (%)

<Low permeability pipe <-Low permeability pipe

0 P - 0
0.0 05 L0 15 20 0.0 0.5 10 15 20
Injection volume (Pore volume multiple) Injection volume (Pore volume multiple)

Figure 21. Influence of water cut of emulsion on fractional flow: (a) 30%; (b) 40%; (c) 50%; (d) 60%.

Figure 22 shows the changes in water cut in the produced liquid and oil displacement
efficiency after emulsion flooding plus water flooding under different emulsion water cuts.
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Figure 22. The relationship between water cut and oil displacement efficiency under different water

cuts of emulsion.

As shown in Figure 22, when the water cut of the produced liquid was 40% to 60%,
the water cut of the produced liquid increased slowly with the increase in oil displacement
efficiency, indicating that the emulsion played a role in plugging the high-permeability
layer at this production stage, whereby the emulsion with water cuts of 40% to 60% had

the best plugging ability.

4. Numerical Simulation

In order to study the effect of emulsion flooding in heavy oil reservoirs, a numerical
simulation was carried out using CMG software. In the process of the simulation, there
were certain assumptions to ensure the stability of the emulsion system: (1) the reservoir
was at a constant temperature, i.e., percolation occurred under isothermal conditions;
(2) there was basically no material transfer between phases; (3) there was only one type of
emulsion at any time; (4) there was almost no mass transfer between components.

Table 4 lists the key parameters of the reservoir. As shown in Figure 23, part of the
model was taken from the workspace of 48 x 119 x 46 = 262,752 grids. The model used in
this paper had 11,250 valid grids. Furthermore, the block sizes of DX, DY, and DZ were
10 m, 10 m, and 2 m, respectively. In addition, Figure 24 displays the relative permeability
curves. The development effect of waterflooding and emulsion flooding was compared
under the same injection-production parameters and reservoir conditions.

Table 4. The key parameters of the reservoir.

Item Value Item Value

Reservoir buried depth (m) 1800 Porosity (%) 21.08
Thickness (m) 21 Oil saturation (%) 60.1
Formation temperature (°C) 54 Permeability (mD) 63.9
Oil viscosity (mPa-s) (50 °C) 1231 Permeability variation coefficient 0.58
Oil density (kg/ md) 0.92 Rock compressibility (1/MPa) 2.0

Figure 25a shows the change in water cut of waterflooding and emulsion flooding
with time. Figure 25a reveals that the water cut growth rate of emulsion flooding slowed
down when the water cut was between 40% and 60%, indicating that the emulsion played
a role in plugging the high-permeability channel during this period, as seen in previous
experimental results. Figure 25b shows the recovery of water flooding and emulsion
flooding, where it can be seen that the oil recovery of emulsion flooding was 13% higher

than that of waterflooding.



Appl. Sci. 2022,12, 11867

18 of 20

Permeability, mD

Figure 23. A 3D diagram of the theoretical model of emulsion flooding.
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Figure 24. Relative permeability curves: (a) relative permeability of oil-water phase; (b) relative
permeability of gas-liquid phase.

Water cut (%)

00

80 +

60 +

30

(@) ()

o
S

Recovery ratio (%)
H

---Emulsion flooding S ---Emulsion flooding
— Water flooding - — Water flooding

0

0
1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time (d) Time (d)

Figure 25. Water cut curve and recovery curve of water flooding and emulsion flooding: (a) water

cut curve; (b) recovery ratio curve.

5. Conclusions

)
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A higher temperature facilitated emulsification, but a stable emulsion could be formed
at temperatures below 60 °C. When the water cut was higher than 60%, emulsification
was incomplete, and a lower water cut led to a more stable emulsion. A higher miner-
alization degree hindered emulsification, and emulsions formed beyond 10,000 mg/L
were difficult to stabilize. When the pH was about 7, and the stability of the emulsion
was poor in contrast to an acid or alkali environment.

A higher temperature led to a smaller particle size of the emulsion and a more uniform
distribution. A lower water cut led to a smaller particle size of the emulsion and a
more uniform distribution. A higher mineralization degree led to a larger particle
size of the emulsion and a wider distribution range. A more neutral pH value led to a
larger particle size of the emulsion and a wider distribution range.

In the emulsion flooding of a heterogeneous heavy oil reservoir, after the permeability
contrast reached a certain value, the W/O emulsion lost its ability to block the high-
permeability channel.

When the water cut was more than 60%, the emulsion had high viscosity and obvious
sweep ability, but its stability worsened; when the water cut was less than 40%,
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the emulsion was stable, but the viscosity was low and the plugging capacity was
insufficient. Therefore, in order to prolong the stable production time of emulsions, it
was necessary to maintain the water cut at 40% and 60%.
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