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Abstract: Enhanced oil recovery (EOR) is a crucial technology in the petroleum industry, influenced
by several factors, including flooding fluids and methods. The adjustment of injection strategies and
the application of vibration stimulation can significantly impact oil recovery, especially residual oil.
In this study, we conducted experiments using a glass micromodel to investigate the effect of pulsing
water injection on oil recovery. Our results show that when the pulse frequency matches the natural
frequency of the micromodel, resonance occurs during the two-phase flow of pulse driving, which
causes an increase in the amplitude of oscillation, enhances the mobility of oil, and improves recovery.
The efficiency of the kinetic energy of displacement is also improved. However, when the frequency
is 3 Hz, the absence of resonance leads to the opposite effect. In addition, we found that a greater
amplitude increases the fluidity of oil. These findings have significant implications for the design of
EOR strategies and methods. Our experimental results provide insight into the effect of pulse water
injection on oil recovery and offer a potential strategy for the optimization of EOR techniques.

Keywords: enhanced oil recovery (EOR); pulsing water injection; resonance; oil mobility; micromodel

1. Introduction

Nowadays, too much crude oil and natural gas are needed in industry and our daily
life; enhanced oil recovery (EOR) technology is, therefore, vitally important in oil and gas
production and development and is a key measure in overcoming energy shortages [1-3].
EOR technology is the application of external chemical and physical methods in oil and
gas reservoirs in a manner that promotes favorable recovery conditions. The situation
demands enterprises and colleges propose more theoretical and engineering methods.
The major EOR technologies currently include gas [4,5], thermal [6,7], chemical [8-10],
nanoparticle [11], and microbial [12,13], which aim to change the physical properties of
crude oil, natural gas, and the porous media in the reservoir by reducing the viscosity of
heavy oil through thermal EOR and the wettability of the reservoir change by surfactants.
However, engineering examples show that EOR technology, combined with reasonable
injection and production operations, is very significant in furthering the increase in oil
and gas production. The injection and production operations can be regarded as the EOR
methods, such as huff-n-puff, cyclic injection, and alternating injection, which can change
the pressure field in the reservoir and remove more residual oil from pores.

Huff-n-puff replenishes formation energy with carbon dioxide, nitrogen, steam, etc.
Through the diffusion and dissolution of gas to reservoir fluid, it can supplement the
reservoir energy and improve the oil and gas recovery, and it is widely used in heavy oil
and tight oil exploration and development. Gases enter the oil phase through molecular
diffusion, causing the crude oil to expand and replenish the reservoir energy [14]; the oil
swelling ratio varies with the pressure of injection gas [15]. This indicates that when the
pressure of the injection gas is higher than that of the reservoir fluid, a force is generated
that drives the gas into the oil phase, thereby expanding the crude oil and improving
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oil and gas recovery from the reservoir. However, because of the mechanism of huff-
n-puff and its operating range, it cannot achieve a higher oil recovery, and in the later
period of huff-n-puff, there is still a large amount of unutilized crude oil between wells.
The cyclic injection is a process that improves waterflooding efficiency in heterogeneous
reservoirs [16]. In the cyclic injection process, transient pressure response in regions of
different permeability can lead to forced imbibition of the lesser permeable layers [17]. The
efficiency of imbibition is related to the wettability of the rock [18]. Injection and extraction
of water should be given due consideration, along with their associated safety risks, in the
context of engineering [19]. Additionally, it takes tens of days for the unstable pressure field
formed by periodic injection to promote imbibition. To achieve fluctuations of pressure in
the reservoir in a short period of time, which can then allow more crude oil to move away
from the pores, we try to use a low-frequency pulse injection method to drive the crude
oil. This method can generate differential pressure in the porous media and enhance the
oil recovery.

Micromodels are widely used by scholars to study multiphase flow in displacement
processes. Making microscopic models with glass allows for the visualization of fluid
distribution within porous media. The design of the glass model is based on CT images
of actual cores. Therefore, this model has been adopted by many scholars in experiments
investigating EOR mechanisms. They can investigate the effect of chemicals on oil-water
interfacial tension (IFT), the EOR evaluation of different chemicals, and the mechanism
of CO; flooding in porous media. Table 1 shows the application of micromodels to EOR
technology in recent years.

Table 1. Application of microscopic model in EOR experiment.

Methods Highlights Dlsplac'ement Dimension Temperature and Flow Rate Ref
Fluids Pressure
Wettab%hty Surfactant 7cm X 1Tem x 40 um Ambient [20]
Liquid alteration
flooding Salinity effect Brine 20 mm X 10 mm Ambient 0.05 mL/min [21]
Salinity eff'ect Brine 3cm x 3cm x 0.2 cm Ambient 0.001 mL/min [22]
Heavy oil
Image analysis Calxgﬁez;ted 200 mm x 50.7 mm ambient [23]
CO,-EOR CO, 6.234 mm X 8.492 mm 115 °C and 55 MPa 0.02 mL/min [24]
Gas . Natural gas, °
flooding Foamy oil N,, CO, 49cm x 49 cm 54.2 °C and 6 MPa [25]
CO,-EOR 65 °C and 70, 80, 90, and
2.5D CO, atmospheric pressure 95 uL./h [26]
micromodels P P H
N Water 40 mm x 40 mm, . 0.05, 0.1
WAG injection CO, pore diameter 9-181 pm Ambient mL/min [27]
Polvmer Polymer- 8cm x 10 cm x 0.4 cm;
ﬂooydin enhanced foam Polymer spherical glass beads 25 °C and 50 kPa 0.2 mL/min [28]
& flooding; (diameter: 0.5 mm, 2 mm)
19 mm X 5 mm;
(100 pm in width and
Huff-n- 100 pm in depth); 20 °C and
puff CO-EOR €O low-permeability region 5.6 MPa 2]

(48 um in width and
100 pm in depth)
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In this study, we employ a heterogeneous porous media micromodel to study the effect
of an unsteady seepage field caused by displacement change on oil-water two-phase flow
in the oil displacement process. We carried out a micromodel displacement experiment
to study this phenomenon. During the experiment, the displacement of water changed
periodically into a rectangular wave, which resulted in an unstable seepage field. The effect
of pulse displacement was studied by images taken from the micromodels; the micromodel
experiment enabled us to obtain the residual oil distribution in the displacement process.
We can then know the energy utilization efficiency of each stage of displacement by the oil
phase area in the images. The performance evaluation was carried out by (i) recovery ratio,
(ii) flow visualization of oil displacement by pulse displacement in glass micromodels, and
(iii) efficiency of the energy transformed from the water to oil by calculating the percentage
of oil phase moved per unit time.

2. Experimental Setup and Procedure
2.1. Sample Preparations
2.1.1. Wettability Treatment

In this paper, we conducted micromodel experiments to analyze the characteristics of
multiphase flow during pulse injection. A micromodel is a type of porous media used for
studying multiphase flow. It is typically made by etching glass [30-33]. Both the water and
oil phases show wetting on the glass surface, meaning that they spread out and form a thin
film rather than beading up [34]. In order to avoid the influence of wettability difference
during experiments, wettability treatment of micromodel is necessary. This operation
ensures the success of the experiments and the reliability of the data.

First, petroleum ether is continuously injected into the porous medium to carry out the
residual oil phase in the model, for the highly volatile solvent displacement can effectively
carry out the remaining impurities. Petroleum ether is continuously injected into the porous
medium to remove any remaining oil phase, which may contain impurities that could
affect the wettability. The injection rate of petroleum ether is 0.05 mL/min, and the process
lasts for 10 to 15 min until there is no visible o0il in the model. The model is then dried by
blowing air into the model to remove residual petroleum ether. Sometimes, the oil in the
model driven by water will remain in some blind end of porous media and the narrow
throat, where the petroleum ether adsorbs easily; therefore, we need air to displace the
excess petroleum ether. Then, anhydrous ethanol is injected into the model. The pore
surface of the porous medium treated with anhydrous ethanol will show water-wet. Next,
the model is dried using a drying method. Finally, the micromodel is heated to 45-50 °C
for 50 min to ensure complete drying and stabilize its wettability. The microfluidic model
is shown in Figure 1, and is held by model slot and model cover. The inlet and outlet of
the model have rubber rings connected to the slot. The model allows a maximum injection
pressure of 20 bar. The maximum injection pressure of the model is allowed to increase
under the support of the slot and cover with confining pressure, but this experiment is
under atmospheric pressure environment, the maximum inlet pressure is not allowed to
over 20 bar.

2.1.2. Oil and Water Used in Experiments

The small mobility ratio of oil to water will lead to slug propulsion at the two-phase
interface, which results in the recovery rate being too high to correspond to the actual
development situation. However, the oilfield data show that it is difficult to obtain the slug
flow of the oil phase even at a low mobility ratio. In the study, the active phase during
displacement is the water phase, which is deionized water. The passive phase is oil, which
is a 1:1 mixture of degassed crude oil and # 46 white oil (viscosity 46.213 mPa-s in 40 °C,
density 0.862 g/mL). The density of the mixed oil phase is 0.797 g/mL and the viscosity is
20 mPa-s.
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Figure 1. Micromodel setup.

2.2. Experimental Setup

The schematic diagram of the experimental setup is shown in Figure 2. The experimen-
tal system is composed of a high-precision two-cylinder plunger pump, micromodel, type
microscope, oil injection tank, and control valves. The pump is the Teledyne ISCO-65D,
which has a flow rate range from 0.00001 to 25 mL/min, with an error of 0.3%, and the
pressure ranges from 0.7 to 1379 bar. By modifying the pump control program, we realized
the periodic change of displacement, which can pulse inject the water to the model. The
frequency range of displacement changes is between 0 and 20 Hz. When the pumping
frequency is above 10 Hz, the response to flow change is not timely and the error increases.
The best frequency is between 0 to 5 Hz. All experiments were conducted at a temperature
of 25 °C (77 °F) and atmospheric pressure (1 bar). The experimental procedure can be
described as follows:

T

I
;[_ ﬁ Microscope

Chip

ate Yalye H:ZI “ Computer

1] Pressure 2 *

Valve 1

Liquid Waste

Liquid Waste
Figure 2. Schematic of the experimental setup.

Vacuuming the micromodel: Close the inlet valve, connect the outlet with the vacuum
pump, and vacuum the inside of the model.

Saturating the model with oil: Inject the oil phase to the model at a constant pressure
of 6 Bar.

Relieving pressure in the setup: Close the inlet valve of the model, open the drain port
of the six-way valve, and remove the pressure in the pipeline.
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Injecting water at a constant pressure: Injecting at 2 Bar, the displacement will rise
rapidly and decrease gradually. When the displacement is lower than 0.01 mL/min,
increase the injection pressure by 2 Bar. Repeat this step until the maximum flow is less
than 2 mL/min, shut off the pump and close the inlet valve of the micromodel.

Injection water under pulse flow rate: Set the average flow rate value and vary the
amplitude and frequency of displacement. Start pulse injection with a safety pressure of
20 Bar.

How to deal with pressure overload: There is capillary resistance in the process of
displacement, especially at the entrance of the model, and the pressure will increase sharply.
As the water phase begins to enter the model, the displacement pressure will decrease
significantly. When the pressure is overloaded, repeat steps 3-5.

Recording the data: Record the multiphase flow of water and oil in the micromodel
using a microscope and camera.

Dealing with micromodel after injection: Follow the wettability treatment procedures
outlined in Section 2.1 for the micromodel, after injection.

3. Experimental Results and Discussions
3.1. The Effect of Pulse Displacement on Oil Recovery Ratio

A micromodel was used to study the behavior of the two-phase flow in microstructures
under pulse displacement, which can help us to observe the characteristics of two-phase
flow intuitively [29,31,35]. It is convenient for us to accurately study the whole experiment
process by stages according to the distribution image of oil and water in the micromodel.
According to the characteristics of different stages, it is helpful for us to put forward
targeted measures to enhance oil recovery [23]. The recovery ratio is one of the most
important indexes to evaluate different development and displacement methods. In this
paper, the ratio of oil phase to total pore area is used to represent recovery ratio, as shown
in Figure 3.

Figure 3. The representation of the recovery ration of the micromodel.
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By re-writing the pump control program, we were able to achieve pulse displacement
functionality. The oil-water distribution at different times and the presence of residual oil
and oil recovery ratio were obtained from the photographs captured by the camera. As
seen in Table 2, the data indicate that the duration of displacement is largely dependent on
the magnitude of displacement. For example, when the magnitude is 0.01 mL/min, the
displacement lasts for around 200 frames, similar to non-pulse displacement. However,
when the magnitude increases to 0.005 mL/min, the duration extends to 300 frames, as
depicted in Figure 4. To accurately compare the oil-water distribution at the same time, we
analyzed the displacement images at the 50th, 100th, 150th, and 200th frames.

Table 2. The experimental scheme and results.

Displacement Parameter Image of the Process Ultimate
Case No. Flow Rate Frequency Amplitude Start End Frame Recovery Ratio
(mL/min) (Hz) (mL/min) Frame Frame Interval (%)
1 0.03 0 0 91 312 221 92.412
2 0.03 1 0.005 33 334 301 94.518
3 0.03 1 0.01 54 268 214 95.023
4 0.03 2 0.005 251 620 369 93.201
5 0.03 2 0.01 37 252 215 94.656
6 0.03 3 0.005 146 473 327 90.654
7 0.03 3 0.01 70 245 175 89.389
8 0.03 4 0.005 228 529 301 96.022
9 0.03 4 0.01 196 365 169 94.812
400
300
—
<
>
(9
)
~—
£ 200
w
£
<
£
100
0+

1 2 3 4 5 6 7 8 9

Case Number
Figure 4. The fame interval of different cases.

At the conclusion of the experiment, the oil-water distribution in the micromodel
was analyzed to calculate the recovery ratio, as seen in Figure 5. It was found that the
experiment achieved a high recovery ratio, ranging from 90% or even higher [36,37]. Upon
investigating the effect of pulse parameters on the ultimate recovery ratio, it was determined
that the value is mainly impacted by the pulse frequency. For cases with the same pulse
frequency, the ultimate recovery ratio was observed to be similar [38]. The structure of the
porous media determines its natural frequency, and when the pulse frequency matches
the natural frequency or there is a multiple relationship, it can result in resonance, thereby
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enhancing the flow of residual oil [39]. However, the natural frequency of the porous
media in this experiment was found to be different from 3 Hz, leading to a reduction in the
ultimate recovery ratio.

100

95

90

85

Ultimate recovery ratio/%

80 T
1 2 3 4 5 6 7 8 9

Case Number

Figure 5. The ultimate recovery ratio of different cases.

3.2. The Results of Oil and Water Distribution

Fluid distribution affects oil recovery by influencing factors such as capillary pressure,
relative permeability, interfacial tension, and wettability. Different methods of enhanced oil
recovery (EOR) aim to alter fluid distribution to increase oil production.

In this section, we analyze the displacement effect by comparing the displacement
images of the 50th, 100th, 150th, and 200th time steps for each case. Four specific areas
within the porous media have been selected for analysis, as depicted in Figure 6, and
they have been named Block 1 to Block 4. Blocks 2 and 4 are positioned along the main
flow channel, while Blocks 1 and 3 are located on the edge of the model and are affected
by the boundary conditions. The pore diameter of Blocks 1 and 4 is large, with a larger
pore-to-throat ratio, making it easier for residual oil to form clusters. On the other hand, the
pore-to-throat ratio of Blocks 2 and 3 is smaller, causing the residual oil to mostly adhere
to the pore walls and form a film. The distribution images of oil and water for each case
during displacement can be found in Figures 7 and 8.

7

Block 1

Block 2

Block 4

Block 3

1 mm Areal porosity: 33:95%

,Flow direction

Figure 6. A photomask of micromodel with four blocks selected for analysis.
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C
Block 1
Block 4 -- -- --
d f
Block 1
Block 4 -- -- --
h
Block 1
Block 4 -- -- --
Figure 7. The oil/water distribution in Block 1 and 4 at 100th and 200th images ((a)—0 Hz;
(b)—1 Hz; and 0.005 mL/min; (c)—1 Hz and 0.01 mL/min; (d)—2 Hz and 0.005 mL/min; (e)—2 Hz
and 0.01 mL/min; (f)—3 Hz and 0.005 mL/min; (g)—3 Hz and 0.01 mL/min; (h)—2 Hz and
0.005 mL/min; (i)—2 Hz and 0.01 mL/min).
C
Block 2
Block 3 -- -- --
f
Block 2
Block 3 -- -- --
Block 2 -- .- --
Block 3 -- -- --

Figure 8. The oil/water distribution in Block 2 and 3 at 100th and 200th images ((a)—0 Hz,
(b)—1 Hz and 0.005 mL/min, (¢)—1 Hz and 0.01 mL/min, (d)—2 Hz and 0.005 mL/min, (e)—2 Hz
and 0.01 mL/min, (f)—3 Hz and 0.005 mL/min, (g)—3 Hz and 0.01 mL/min, (h)—2 Hz and
0.005 mL/min, (i)—2 Hz and 0.01 mL/min).
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3.2.1. Effect of Pulse Displacement on Water and Oil Distribution

Pore-to-throat ratios in Blocks 1 and 4 were 1:6 and 1:5, respectively. The exit of the
throat is located near the center of the micropore, which can lead to the formation of clusters
of residual oil due to the capillary force of coordination throats and film-like residual oil due
to wall adhesion in the pores [40,41]. Figure 7 displays images of residual oil distribution
in Blocks 1 and 4, with cluster-like residual oil primarily found in Block 4. In Block 1,
both types of residual oils were connected, with residual film oils concentrated near the
micropores near the throat. Pulse flooding significantly reduced cluster-like residual oil,
with the best pulse frequencies being 1 Hz, 2 Hz, and 4 Hz. The images indicate that, at
the same displacement frequency, a greater frequency amplitude results in a better flow of
residual oil, and the film-like residual oil is reduced and covers a smaller area compared to
non-pulse displacement. The difference in displacement effect between Block 1 and Block
4 is due to their locations; Block 1 was located near the model boundary with a slower
seepage flow velocity, resulting in a reduced effect of pressure fluctuation caused by pulse
flooding. The benefits of pulse-induced displacement were more apparent in Block 4.

When the length-to-diameter ratio is small, the effect of the pore shape, including
capillary force, is weak, making it easier for residual oil to flow again [42]. However, with a
large length-to-diameter ratio, pores become long and narrow, creating greater resistance
that makes it more difficult for crude oil to be swept out. In this study, both Block 2 and
Block 3 have similar pore characteristics, as shown in Figure 8. The images in Figure 8
show that residual oil mainly adheres to the pore wall as a film, and when fluid flows in
narrow and long pores, the flow mainly moves along the long end with a high velocity. This
causes the residual cluster oil to be driven out or pressed against the wall to form a film-like
residual oil [43,44]. Since the residual oil is distributed along the flow direction of the pore
wall, the displacement medium can only pull it through interaction force, which results
in a short force arm and higher friction resistance that makes it difficult to flow. Figure 8
shows the distribution of residual oil in pores under pulse displacement, and similar to
Figure 7, it can be concluded that the amplitude of the pulse plays a more significant role in
enhancing oil recovery than frequency. In particular, the frequency of 1 Hz, 2 Hz, and 4 Hz
cases show a more significant effect. When the flow rate of the liquid changes, the pressure
gradient of the vertical wall appears in the pores, causing the oil film to experience a force
perpendicular to the flow direction. As a result, the film-like residual oil thickens along the
vertical wall direction, which favors the residual oil to be displaced out of the pore by the
displacement medium. Comparing the location differences, the 200th frame of each case
was compared. Block 3 had even less residual oil, especially in Figure 8a,b,d,h, indicating
that the influence of the pulse was weakened when the flow velocity was slowed down by
the boundary, as seen in Figure 7. Consequently, the displacement efficiency of Block 3 in
Figure 8b,d,h was better than that of Block 2.

3.2.2. Effect of Pulse Displacement on Residual Oil Migration

Additionally, to investigate the relationship between residual oil stimulation and
pulse flooding, we present the results of residual oil performance in Block 4 for each
case, as shown in Figures 9 and 10, with displacement magnitudes of 0.01 mL/min and
0.005 mL/min, respectively. The upper cluster plots in both figures represent the recov-
ery ratio data over time, with Frame 1 corresponding to the final oil recovery data of
the experiment.
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Figure 9. The oil/water distribution images in Block 4 and recovery factor cluster plots when the
amplitude is 0.01 mL/min.
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Figure 10. The oil/water distribution images in Block 4 and recovery factor cluster plots when the
amplitude is 0.005 mL/min.
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The information in Figures 9 and 10 was analyzed, respectively. We can conclude that
the characteristics of the images in Figure 10 tended to be the same at the same time, while
the images were quite different before 100th in Figure 9, the oil-water distribution of Frame
150 and Frame 200 were quite similar. In Figure 9, there was less residual oil in the pores
than in Figure 10, indicating that the amplitude played an important role, as conducted
above. Under the same frequency amplitude, the final recovery was close, but there was a
big difference in the initial stage of development. We find that the displacement efficiency
of the whole displacement process was excellent at the frequency of 2 Hz. In Figure 10, the
amplitude of the displacement was 0.005 mL/min in each case, which was too small to
provide enough force to keep the residual oil away from the wall. Next, we will talk about
the effect of displacement in the case of 3 Hz. Both images of 3 Hz cases in Figures 9 and 10
at the 200th frame were similar to that in 0 Hz, and the recovery ratio at each time was
lower than that of other cases, which shows that the natural frequency of porous medium
and the pulse was not matched, reducing the oil displacement efficiency.

3.3. The Effect of Pulse Displacement on Displacement Energy Efficiency

In order to obtain more effective information, this paper carries on the statistics and the
analysis of the experimental data through the recovery data in Figures 9 and 10. However,
we found that the color difference to obtain the recovery data had a large error, as the light
was not uniform and the oil phase and the water phase color contrast was low, both having
an impact on the statistical EOR data. To eliminate this effect. The oil phase and water
phase in the region are analyzed by means of the frame difference method. The information
is obtained by subtracting images from each other; by this method, we get the percentage
of water and oil driven per unit time, which can represent the energy conversion efficiency
of displacement fluids.

3.3.1. Interframe Difference Method with Images

We can get qualitative insights from the video data, such as A was bigger than B, and
C was faster than D. But there was no way to quantify that difference and compare it across
videos. In this paper, the interframe difference method was used to extract the inter-frame
correlation and identify the moving objects and movement information [45,46]. The video
of the displacement process is decomposed into pictures, and the interval between two
images is same.

First, color photos of oil flooding process were converted into gray images, and each
pixel of the gray was black to white from 0 to 255. The brighter color of the original image is,
the larger the pixel value of the gray image is, and vice versa. The oil phase contains crude
oil and is darker than the water phase. The value of the oil phase in the image is less than
that of the water phase. Pixel coordinates represent the positions of microfluidic porous
media channels. If the value of the pixel does not change, the liquid is either immobile or
flowing in a continuous phase. It is possible to know whether the oil phase is replaced
by the water at any throat or pore in the porous medium, or vice versa. If the difference
is greater than 0, the image is represented in white after the difference, otherwise, it is
represented in black. As shown in Figure 11, specifically, we make a difference between
two pictures where they are adjacent in time. Subtract the former from the latter, such
as the image at Time 1 minus the image at Time 0. If the difference is greater than 0, it
indicates that the oil phase is replaced by water. Mark the area in white and use Data_O to
represent the percentage of the area in the pore area. Conversely, subtract the latter from
the former, for example, subtract the image at Time 0 from the image at Time 1, and the
area of displacement of the water phase by oil can be obtained, which is represented by
Data_W. Data_O and Data_W, which represent the percentage of oil and water replaced in
pore volume at the same time, respectively.



Processes 2023, 11, 957

12 0f 15

Color Black White
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Figure 11. Schematic diagram of interframe difference method.

There are obviously two possibilities. First, the value of Data_O and Data_W is equal
(error £ 0.05%), indicating that the displaced oil phase flows in the form of a slug or droplet.
Second, if Data_O is greater than Data_W, the oil phase continues to decrease. This stage
usually occurs in the early of displacement and the oil phase is produced.

3.3.2. The Result of the Interframe Difference Method

Based on the above analysis, we focused on cases with an amplitude of 0.01 mL/min
to discuss the displacement energy transfer efficiency. Because the phenomenon observed
in these experimental cases is more obvious, the effect is more prominent. In Figure 12, the
statistical results of the flow state at various times at 0 Hz, 1 Hz, 2 Hz, and 4 Hz are given. In
this figure, Data_O represents the percentage of oil phase displaced and Data_W represents
the water phase. It is well known that the oil phase decreases throughout development.
The value of Data_O indicates the ability of the oil phase driven in the development. The
larger the value is, the better displacement effect can be obtained by injecting the same
volume of fluids. Because of the slippage in the process of water flooding, it is challenging
to ensure the complete transfer of flow energy from water to oil.
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Figure 12. The result of the interframe difference method with an amplitude of 0.01 mL/min cases,
(a) is 0 Hz case, (b) is 1 Hz case, (c) is 2 Hz case, (d) is 4 Hz case.
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The duration time of the 4 cases was about 200 frames, of which the oil phase flow
was mainly in the first 150 frames. As shown in Figure 12, the oil phase was displaced
from the micromodel for 42.0-46.7% of the time in all four cases, mainly during the first
150 frames, which was similar across all cases. In the case of 0 Hz, the maximum percentage
of displacement per unit of time was the smallest, accounting for 1.018%, and the average is
0.376%, the median is 0.329%. The case of 0 Hz was much lower than the other in the value
of displacement efficiency. With the effect of pulse flooding, the maximum displacement
efficiency was in the range of 2.235-2.557%, with a mean of 0.715-0.744% and a median
of 0.567-0.619%. In Figure 12, we circle the data of frames 101 to 150. When Data_O and
Data_W are equal, the flow of oil is only in the model, which may be the swing of residual
oil droplets or the flow of slug in pores. When Data_O is greater than Data_W, indicating
crude oil is driven out. Taking into account the experimental error, we take y = x — 0.05
as the boundary of the displacement state. It can be found that the data of pulse flooding
cases are distributed along y = x — 0.05, which shows that the oil phase flow is in the pore
interior and rarely displaced out of the porous medium. The ellipse of 0 Hz case tilts to the
right, indicating that some oil is still swept out at this stage. These experiments are close to
each other in ultimate recovery. It shows that the displacement efficiency in the first two
stages is low, and the displacement energy dissipation is large in 0 Hz case, and after pulse
flooding, the utilization efficiency of water is improved.

4. Conclusions

We creatively used microfluidic experiments to study pulse flooding. The distribution
and influence factors of residual oil in different pores under pulse conditions are obtained.
It is obvious that pulse flooding is effective in enhancing oil recovery. In the same pore, after
pulse flooding, the residual oil is obviously reduced, and in the process of displacement,
the same displacement energy can make more oil to be used, which is what we like to find
in the oil exploitation. The main conclusions are as follows:

(1) The effect of pulse flooding is affected by the natural frequency of porous media,
which is similar to resonance damping and resonance effect. In this study, the displacement
effect is worse at 3 Hz frequency but better at other pulse frequencies, which can get higher
recovery at the same displacement time.

(2) Pulse displacement has a good effect on the utilization of cluster and film residual
oil. The film-like residual oil in the narrow and long pores can be found to be thinner
and less covered by pulse flooding. The utilization of residual oil is mainly related to
the frequency and amplitude of the displacement change of the pulse, and the effect of
amplitude is more favorable to the utilization of residual oil.

(3) In the early stage of oil displacement, the increase of recovery ratio is not obvious,
and pulse operation can be carried out after the water cut increases.

(4) The effect of the pulse is related to the location of pores, and it becomes weaker
near the boundary of the seepage field.

(5) Pulse flooding makes the energy transfer efficiency of displacement fluid higher.
When the same volume of displacement fluid is injected, the volume of oil utilization is
higher. In this study, the energy transfer efficiency is the same under the same displacement
frequency amplitude, which is about two times as the pulseless case.
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