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ABSTRACT: Given the high injection pressure and insufficient
injection volume in the offshore oilfield, Bohai Oilfield has
developed a bio-nano-depressurization and injection-increasing
composite system solution (bio-nano-injection-increasing solution)
composed of bio-surfactants, hydrophobic nano-polysilicon par-
ticles, and dispersant additives. In response to the current
problems, a new type of bio-nano-depressurization and injection
enhancement technology has been studied, which has multiple
functions such as nano-scale inhibition and wetting reversal. The
new technology has the technical advantages of efficient
decompression, long-term injection, and wide adaptation. How-
ever, there is still a lack of optimization schemes and application
effect prediction methods, which hinder the further popularization
and application of the bio-nano-composite system solution. To solve this problem, this paper takes Well Al in the Bohai Sea as an
example to optimize the injection volume, concentration, and speed of the bio-nano-augmentation fluid and evaluates the application
effect by using the proposed well testing, water absorption index, and numerical simulation methods. The research results show that
the bio-nano-injection fluid can effectively improve the reservoir permeability and reduce the injection pressure. The application
effect evaluation method proposed is reliable and can provide some reference for similar depressurization and injection-increasing
technologies.
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1. INTRODUCTION

At present, due to poor reservoir physical properties and the

and injection-increasing agents. The main components of the
bio-nano-injection solution are hydrophobic nano-silica

hydration expansion of clay minerals, many offshore oilfields
have a high water injection pressure, frequent operations, and
an insufficient injection volume. At present, the mainstream
solution is acidification and adding surfactants to reduce the
pressure and increase the injection. However, after multiple
rounds of acidification, the substances that can be dissolved in
the reservoir are gradually reduced, and the validity period of
the measures is gradually shortened or even invalid.'™ In
addition, the application of conventional surfactants to offshore
reservoirs still has some shortcomings, such as cost control,
reduction of environmental damage, and applicability of high
salinity seawater. To solve these problems, the Bohai Oilfield
developed a new environment-friendly injection-increasing
fluid—Dbiological nano-depressurization and injection-increas-
ing composite system (bio-nano-injection-increasing solution).
The bio-nano-depressurization and injection-increasing com-
posite system has the advantages of low cost and environ-
mental friendliness when applied to offshore reservoirs, and its
validity period exceeds that of conventional depressurization
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particles, bio-nano-surfactants, and dispersants. An appropriate
amount of acid is added to form a composite system before
field application to dissolve the inorganic scale plug and make
the system easier to inject into the formation. After being
injected into the water injection well, it drives away the pore
hydration film around the bottom of the well to increase the
pore seepage area and form a hydrophobic film of nano-
thickness, resulting in water phase slip to reduce the seepage
resistance,”™® thereby reducing the injection pressure of the
water injection well. It has achieved very good results in the
field pilot experiment in Bohai Oilfield.”""
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Table 1. Core Simulation Experiment Core Statistics

core size (length X diameter)

(2-2.5 cm) X 2.5 cm
(3.5-4 cm) X 2.5 cm

number of cores

15
15

core source

artificial core

artificial core

permeability range (mD)

clay mineral content (%) porosity range (%)
10—-20

10—-20

5-50
100—500

Scholars on the mechanism of nano-particle depressurization
and injection enhancement have made a lot of elaborations and
done experiments. After induction, there are mainly the
following aspects: (1) Changing the wettability: the unsatu-
rated bonds on the surface of nano-particles make them
extremely hydrophobic. In the pores of the formation, the
wettability of the rock surface will change due to
intermolecular forces, hydrogen bonds, etc., so that the
frictional resistance between the injected fluid and the
formation pore throat will be greatly reduced, and the water
phase permeability will increase. This point of view has also
been demonstrated in related research and experiments. Ju et
al.'* described the drag reduction and injection enhancement
mechanism of nano-particles as nano-scale or sub-nano-scale
particles adsorbed on the porous surface of rocks, thus leading
to changes in wettability, thereby increasing the relative
permeability of the water phase. In addition, they also believed
that the adsorption of nano-particles on the surface of small
pore throats in porous media would lead to a decrease in the
porosity and absolute permeability of porous media. In
addition, the wettability of the same type of nanoparticles is
different under the action of different dispersants, > and the
changes in wettability of different nano-particles in the rock
formation are also different.'* Layer adsorption and wettability
are affected by factors such as nanoparticle size and
concentration.”~"” In general, irreversible adsorption on
nano-particle minerals is the core of changing wettability,
while the interaction of electrostatic repulsion, non-electro-
static adhesion, and pore structure drives the change of
wettability.'® (2) Inhibition of the hydration expansion of clay
mineral particles. Some scholars believe that nano-particles can
form a hydrophobic adsorption layer on the pore surface,
which effectively reduces the contact probability between clay
particles and fluid in the pore throat and avoids hydration
swelling."” Experimental studies have shown that clay minerals
that have not been treated with nano-particles will hydrate and
swell to block the pore throats after being soaked in water
injection. Clay particles need to be prevented from hydration
and swelling.””*" (3) Hydrophobic slip effect. Qinfeng and
others summarized the drag reduction mechanism of hydro-
phobic nano-particles according to the related reports that the
nano-lattice can greatly increase the slip effect of the fluid: the
adsorption capacity of the nano-particles is stronger than that
of the water layer, and the formed hydrophobic structure layer
produces a fluid slip mechanism.* The principle of hydro-
phobic nano-particles attached to the pore wall to affect the
flow resistance needs to be explored continuously and
demonstrated through experiments that the nano-slip effect
can be generated in micropores.”

According to the mechanism of nano-depressurization and
injection enhancement, some scholars have also proposed a
characterization model. According to the slip effect, Qinfeng et
al.” used the Lattice Boltzmann method to calculate the
theoretical fluid slip distance caused by the slip effect.
Compared with the experimental results, the simulated results
were found to be in good agreement, which verified the
reliability of the model. The results preliminarily demonstrated
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the basic principle of drag reduction and injection enhance-
ment of nano-particles; Gu et al.’>*® considered multiple
influencing factors of nano-particle adsorption and established
a targeted and corrected slip mathematical model. Through
this model, the seeming contradiction between the reduction
of the pore size of the adsorbed particles and the increase of
the injection is explained, which shows that the hydrophobic
effect generated by the adsorption of the nano-particles
increases the flow rate, and the increased water injection
volume is much greater than the total volume of the nano-
particles, thus theoretically supporting the mechanism of nano-
adsorption resistance reduction.

Based on the research on the mechanism of nano-
depressurization and injection increase, this paper discusses
the influence of nano-solution on rock wettability through
laboratory experiments and analyzes the influence of nano-
solution on the organic scale and inorganic scale plug.
However, compared with the good results of the pilot
experiment in the field, there is still a blank in the optimization
of the injection parameters and the evaluation method of the
application effect of the bio-nano-additive solution. In this
paper, the injection parameters of the bio-nano-injection fluid
were optimized, and the effect of the field application of the
bio-nano-injection solution was evaluated, which provides a
basis for the further popularization and application of the
technology and also provides a reference for parameter
optimization and application effect evaluation of similar
technologies.

2. METHODS

2.1. Experimental Methods. 2.1.1. Materials and
Reagents. Materials use in this study were nano-solution
liquid, ultrapure water, artificial core, calcite, CaCOj, asphalt
heavy oil, quartz sand, liquid wax, diesel oil, crude oil,
kerosene, Sudan III, and core experimental materials; a total of
30 sets of core experiments were performed in this study, and
the core statistical data are shown in Table 1:

2.1.2. Laboratory Instruments and Equipment. Exper-
imental instruments and equipment are shown in Table 2, and
the pictures of the experimental equipment are shown in
Figure 1. An ultrapure water production system was used to
configure the nano-solution, an optical contact angle meter was

Table 2. Experimental Instruments and Equipment

name type manufacturer
constant flow pump HLB-1040 Dongtai Yanshan Instrument
Factory
Youpu ultrapure water UPH-T10T Sichuan Youpu Ultrapure
manufacturing system Technology Co., Ltd.
electronic balance JM-B 20002  Zhuji Chaoze Weighing
Apparatus Co., Ltd.
ultrasonic stirrer SYU-30-900  Zhengzhou Shengyuan
Instrument Co., Ltd.
optical contact angle meter DSA100HP Kliith Scientific Instruments
Ltd.
electron microscope FEG Beijing Yicheng Hengda
Quanta250 Technology Co., Ltd

https://doi.org/10.1021/acsomega.3c00882
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Figure 1. Pictures of experimental instrument [(a) constant flow
pump; (b) ultrapure water manufacturing system; (c) electron
microscope; (d) optical contact angle meter; and (e) ultrasonic
stirrer].

used to measure the wetting angle, and an electron microscope
was used to observe the effect of the nano-solution on the
inorganic scale in the pores.

2.1.3. Preparation of Samples. Preparation of nano-
solution: to 100 mL of stock nano-solution, purified water
was added to make 1 L, the solution was put in an ultrasonic
stirrer and stirred evenly to obtain the nano-solution. The
purpose of this step was to obtain an evenly dispersed diluted
nano-solution.

2.1.4. Experimental Scheme. There are three kinds of
experiments in the bio-nano-pressure reduction and injection
increase research: wettability measurement, plugging removal
effect measurement, and reservoir permeability improvement
effect measurement.

2.1.4.1. Wettability Analysis Design. The experimental
steps are as follows:

(1) Prepared rock slices are put into a beaker, the nano-
solution is poured, and a vacuum pump is used to
evacuate, so that the nano-solution can enter the pores
of the rock;

(2) Rock slices are put into the beaker, pure water is poured,
and a vacuum pump is used to evacuate, so that the pure
water enters the rock pores, as a control group;

(3) The rock slices are dried, Sudan III is added to the
kerosene, and the kerosene is dyed red;

(4) Dyed kerosene is added into a container, the slices are
added, and it is placed on the stage until no bubbles
emerge;

(5) A needle is used to draw pure water and injected on to
the rock surface, and an appropriate method is selected
from tangentl, tangent2, and Laplace—Young to
measure the wetting angle.

(6) The adsorbed rock sample slices are rinsed with water
for 30 min, dried at a high temperature of 55 °C, and
core slices are scanned with an electron microscope
before and after treatment.

2.1.4.2. Analysis Design of Inorganic Scale Plug Removal.
The experimental steps are as follows:

(1) Determination of corrosion rate

Minerals are rinsed repeatedly with clean water, allowed to
settle, the upper turbid liquid is poured out, and minerals are
rinsed again. The determination of the dissolution rate of the
cuttings by the pretreatment liquid and the main liquid is
carried out following the China Petroleum and Natural Gas
Industry Standard SY/T 5886-93 “Sandstone Retarding Acid
Performance Evaluation Method”.

(2) Scanning electron microscopy test

A scanning electron microscope is used to observe the
morphology and particle size of the samples before and after
modification. The surface of the samples needs to be sprayed
with gold before testing.

2.1.4.3. Analysis Design of Improving Reservoir Perme-
ability. The experimental steps are as follows:

(1) Artificial cores with different permeability are selected,
basic parameters such as porosity, length, diameter, etc.,
are measured, the core is placed into the core holder,
inlet and outlet are tightened, and the confining pressure
is adjusted to 2—4 MPa. The confining pressure is
always greater than the inlet pressure by at least 2 MPa;

(2) A constant current pump is used to change the flow rate
to inject the nano-solution;

(3) An electronic balance is placed at the outlet pipeline of
the core holder, the fluid flowing out of the beaker is
collected at the outlet, and the values of the electronic
balance and the inlet pressure are recorded every 1 min;

(4) Flow rate is calculated by calculating the difference
between every two numbers, and permeability is
calculated according to Darcy’s law, formula 1

L
e N
Alp, - p) (1)

we

In the formula, K, —effective permeability of the water
phase, mD; q,—the value of water flow, mL/s; p,,—the value
of the viscosity of water at the measured temperature, mPa-s;
L—the value of the core length, cm; A—the value of the cross-
sectional area of the core, cm?; p1—the value of the core inlet
pressure, MPa; and p,—the value of the core outlet pressure,
MPa.

2.2. Parameter Optimization Method of Bio-Nano-
depressurization and Injection Enhancement Technol-
ogy. Well Al in Bohai Oilfield is a water injection well,
forming well group Al with six oil-producing wells around it.
During the injection process of Well Al, the injection pressure
quickly rose to about 12 MPa in the short term, and the water
injection volume gradually decreased from 110 to 75 m*/d. In
the first half of 2018, the injection pressure rose to 14.5 MPa,
and the daily injection volume rose to 100 m®/d. After the
acidification measures were taken in the second half of 2018,
the daily injection volume rose to 200 m’/d, but the water
injection decreased rapidly. Before the application of the
biological nanodepressurization and injection-increasing tech-
nology, the water injection pressure was as high as 18 MPa to
complete the injection of 120 m?/d.

In the actual field application process, the concentration of
biological nano-augmentation solution also has a great
influence on the improvement effect. In order to optimize
the injection parameters of the biological nano-injection fluid,
a conceptual model is established by using a numerical
simulation software to optimize the design of the Al well
group in Bohai Oilfield. The conceptual model established and

https://doi.org/10.1021/acsomega.3c00882
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Figure 2. Schematic diagram of conceptual model.
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the relative permeability used are shown in Figures 2 and 3.

Then, the injection volume, injection concentration, and
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Figure 3. Relative permeability curve.

injection rate were optimized by the control variable method.
The parameter optimization results will be discussed later in
Section 3.2.

2.3. Effect Evaluation Methods of Biological Nano-
Depressurization and Injection Enhancement Technol-
ogy. In order to evaluate the application effect of the
biological nano-injection-increasing solution, referring to the
definition of residual resistance coefficient,””** the injection-
increasing capacity coeflicient of the nano-solution is defined
as

In(r./r,) + S,

(ln:—i + Snano) + ln:—:

K,
K

nano

(2)

where r, is the control radius of the injection well, in meters; r,,
is the bottom radius, in meters; S, is the skin factor before the
biological nano-depressurization and injection enhancement
measures; K, is the permeability before the biological nano-
depressurization and injection enhancement measures, in
millidarcy; 7y is the treatment radius of the biological nano-
augmentation solution, in meters; S, is the skin factor after
biological nano-depressurization and injection enhancement

measures; and K, is the permeability after biological nano-
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depressurization and injection enhancement measures, in
millidarcy.

2.3.1. Well Test Interpretation Method. After the
application of the biological nano-depressurization and
injection-increasing technology, the permeability and porosity
will change in the near wellbore zone, as shown in Figure 4.

Inner zone
ki o m

Outer zon€
k, 0, 1,

Figure 4. Schematic diagram of the influence of nano-particles on
reservoir stratum.

Therefore, the well test model of biological nano-
depressurization and injection enhancement is established as
follows

inner zone seepage equation:
Lof, %) _ (o)
ror\ or k ) ot (3)
outer zone seepage equation:
Lof %) (one) 2.
ror\ or k ), ot (4)
Its boundary conditions are
well storage effect:
apl /’llBl 24C dpwf
r— =——q+t ——
or ) _ 17287k h B, dt (5)

https://doi.org/10.1021/acsomega.3c00882
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. 9P,
skin effect: p . =pl_, —S/r—
r=r, (6)

a
closed boundary: %(7 =R, t)=0
r

(7)
continuous interface pressure:
p(r=Rgt) =p (r=R t) (8)
continuous interface velocity:
[5] PriyZ Ry 1) = [5] P Z k)
1), dar H), dar 9)

initial condition:

p(r,t=0)=p(r,t=0)=p
(10)
It can be solved after Laplace transformation and Stehfest
numerical inversion®® and making the above eqs 3—10
dimensionless, the dimensionless pressure solution of the
Laplace space can be finally obtained

1‘_’1D = AIIO(rD\/E) + AzKo(”D«/z) (11)
Py = AL (rpnJApz/wy,) + AK(rpApz/ o) (12)
E,‘,ﬂ) = AI[IO(er\/E) - S\/Ell(er\/z)]

+ A [Ko(rpVz) + SVZK(r,py/z)] (13)

In the above equations, z is the Laplace variable; 4,, is the ratio
of the pressure conductivity coefficients of the inner zone and
outer zone, 4,, = (k/u),/(k/p),; Pips Byp By are dimen-
sionless pressure values in inner zone, outer zone, and bottom
hole Laplacian space, respectively; I, and K; are the first and
second modified Bessel functions of zero order, respectively; I
and K| are the first and second modified Bessel functions of
first order, respectively; and A;, A, A; and A, are the
coeflicients, which can be determined by initial and boundary
conditions. For the derivation 7process of the concrete, our
previous work can be referred.”

The permeability, skin factor, and other parameters can be
obtained by taking the well test data into it.

2.3.2. Water Absorption Index Method. The water
absorption index of the water injection well after the treatment
of biological nano-augmentation fluid meets

qini(t) R 7
Ap(t) b (14)
where
B
m=1583——
$huCA (15)

b=zo.6zB—”1n[ 4A,2]
Kh | eyCyr, (16)

where A is the control area of the injection well, A = 7r.t, in
square meters; r, is the control radius, in meters; y is Euler’s
variable, the value is 0.577216; and C, is the reservoir shape
factor.

Transforming eq 14 into a linear form gives

ln(Ap—(t)] ="y nb
q(t) b (17)

After fitting the relationship between the water absorption
index and time, the permeability can be obtained by
substituting it into eq 16.

2.3.3. Numerical Simulation Method. Before field
application, the biological nano-injection-increasing fluid will
be moderately acidified to make it easier to inject into the
formation. Therefore, there are two main mechanisms of the
biological nano-depressurization and injection enhancement
technology: (1) dissolving inorganic scale and (2) nanometer
materials are adsorbed to form a nanomembrane, reducing
seepage resistance.

Assuming that the number of injected nano-particles in the
two mechanisms is equal, the injected nanocomposite
components will react to generate nano-particle components
corresponding to the two mechanisms

nano-FH — 0.Snano-SH + 0.Snano-XF (18)

The first action mechanism of half of the nano-particles is to
dissolve inorganic scale. The chemical reaction is as follows

nano-SH + CaCO,(s) — Ca’* + CO,>™ + S-nano(s)
(19)

Inorganic scale CaCOj is dissolved and then transformed
into S-nano with a smaller density, resulting in a decrease in
porosity. The Carmen Kozeny formula option in the variable
permeability option can simulate the improvement of water
phase permeability.”**’

-

where K is the absolute permeability after biological nano-
measure, ¢ is the porosity after the biological nano-measure,
K, is the absolute permeability before the biological nano-
measure, and ¢, is the porosity before biological nano-
measure.

The numerical simulation model is established as follows

\% KKMV i ID + V-[d ¢S, Ve, ]+
|c — -y — . ¢ ¢
ot ot
Icyp
ot
(1)
where ¢, is the concentration of the biological nano-solution,

K., is the relative permeability of the aqueous phase, y,, is the
viscosity of the aqueous phase, B, is the volume coefficient of
the aqueous phase, S, is the water saturation, x is the distance
from the bottom hole, P is the formation pressure, d,, is the
diffusion coefficient of the nano-particles; F,,, is the percentage
of pore surface in contact with water; 7, is the specific gravity
of increased injection nano-solution; D is the grid size; and p is
the density of nano-particles.

In the numerical simulation, the relative permeability data
used is the curve data in Figure 3, and the geological model is
shown in Figure 5.

https://doi.org/10.1021/acsomega.3c00882
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Figure S. Schematic diagram of the geological model.

After simulating the actual area with the numerical
simulation software, the permeability, skin factor, and other
parameters can be obtained.

In this section, aiming at the evaluation methods of the
effect of biological nano-pressure reduction and injection
technology, methods are proposed from three aspects: well
testing, water absorption index, and numerical simulation.
These methods are then applied to the actual field to verify the
accuracy.

3. RESULTS AND DISCUSSION

3.1. Experimental Results and Discussion. 3.1.7. Effect
of Biological Nano-solution on Rock Wettability. It can be
seen from Figure 6 that the wetting angle of the core after
treatment with the nano-solution increases significantly. The
average initial wetting angle of the low permeability core is
112.17°, which rises to 136.5° after being treated with nano-
solution; the average initial wetting angle of the medium-
permeability core is 113.49°, which rises to 138.51° after being
treated with nano-solution. Both the core wetting angles are
increased by nearly 20°, which greatly increases the hydro-
phobicity of the cores.
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Figure 6. Influence of injected PV number on core permeability. (a) Effect of nano-solution on the wetting angle of the low-permeability core. (b)
Effect of nano-solution on the wetting angle of the medium-permeability core.
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It can be seen from the scanning electron microscopy
(SEM) pictures of rock slices before and after adsorption, as
shown in Figure 7, that there is a certain amount of highly

Figure 7. SEM image of rock slice [(a)b) blank, (c,d) adsorbed bio-
nano].

hydrophilic minerals such as quartz and clay in the rock; so the
wettability is highly hydrophilic. This kind of rock has a small
surface energy. When water drops on it, it is easy to be
adsorbed by minerals and clay, which will be wetted quickly,
and it is difficult to form a contact angle; after bio-nano-
solution treatment, the surface of clay minerals in the rock is
covered by hydrophobic nano-particles. Because the surface of
the covered nano-particles is hydrophobic, its surface energy
increases. When water drops on it, it becomes spherical under
the action of energy minimization and gravity, and the
wettability of the rock surface changes to hydrophobicity.
When the fluid passes through the pores, its flow resistance will
be reduced, and the flow velocity and discharge will be
increased to achieve the effect of reducing pressure and
increasing injection.

3.1.2. Effect of Biological Nano-solution on an Inorganic
Scale. 3.1.2.1. Inorganic Scale Dissolution in Nano-solution.
Table 3 and Figure 8 show that the corrosion rate of the 1:2
and 1:3 bio-nano-solution systems has reached about 43%,
showing a high corrosion effect and greatly improving the
corrosion rate. With the decrease in concentration, the
corrosion rate decreases. The main reason may be that the
concentration of active components in the system decreases.
During the concentration reduction, the system can still
maintain a certain corrosion rate of 18%. It has a good
corrosion effect.

From the above evaluation, it can be seen that the nano-
solution has a good corrosion effect on minerals. During the
corrosion process, the turbidity in the nano-solution is not
high, and there are few secondary reservoir damage substances,
which is conducive to the protection of oil and gas reservoirs.
Meanwhile, the nano-solution dissolution of minerals can also
effectively increase the pore throat radius to increase the
injection volume. The solution has a good effect of stabilizing
metal ions, which can achieve scale inhibition, scale prevention,

50%
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40% |
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18.90%

Dissolution rate
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0% L L A )
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Number

Figure 8. Results of the determination of the corrosion rate.

and reduce the secondary damage of sandstone acidification.
There are also many coordination atoms in the molecule,
which can form stable chelates.

3.1.2.2. Mineral Dissolution SEM. Through SEM, the
microscopic observation shows that the mineral surface
morphology changes after the action of plugging removal
fluid, as shown in Figures 9 and 10.

sEM V- 1808y WO 1498 mem n
SEM MAG: 5.00 kx Decse =

View neia: 554 g Dssetmvaryy o3 etomarce i nanospace.

Figure 9. SEM images of minerals (montmorillonite) before and after
dissolution.

Figure 10. SEM images before and after dissolution of cuttings.

As can be seen from the SEM picture (the scale is 10 gum) in
Figure 9, before the plug removal and corrosion process, the
mineral mixture is closely bound and the pores/micropores
between minerals are few. After acidification, the mineral edges
are clear, the pore structure between minerals increases, and a
large number of micropores appear.

As can be seen from the SEM picture (scale is 1 pm) in
Figure 10, before the dissolution process, the surface and edges

Table 3. Table of Results of Determination of Corrosion Rate

number 1 2 3 4 S 6 unit
reaction time 1:2 1:3 1:4 1:5 1:6 1:7 g
mineral mixture S g
Bake to Constant Weight: 105 °C 24 h
dissolution rate 43.7% 42.5% 32.36% 18.9% 20.6% 16.5%
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of montmorillonite mineral/cuttings are smooth, and the
surface is covered with a layer of material. After the dissolution,
the mineral surface is rough and uneven, with obvious
dissolution holes and pits, and the particle surface is brittle.
SEM results show that the nano-solution can effectively
dissolve minerals, expand the pores, cracks, and holes in
contact with them, and play a good role in removing inorganic
scale.

In this section, the effects of biological nano-solution on
rock wettability and inorganic scale are studied experimentally.
The experimental results show that the bio-nano-injection-
increasing solution can obviously change the rock wettability
into hydrophobicity, the flow resistance decreases, and the
overall flow velocity and discharge increase significantly. Nano-
solution can also remove inorganic scale and organic scale, so
as to enlarge pore space and increase injection.

3.1.3. Effect of the Bio-Nano-fluid on Permeability. The
biological nano-injection fluid is mainly composed of biological
nano-dispersion fluid, hydrophobic nano-polysilicon, and
dispersant additives. Its main depressurization and augmenta-
tion injection mechanism is to form a hydrophobic film on the
pore wall, so that water phase slip can be formed in the process
of injection water flow, so as to reduce the seepage resistance
and greatly reduce the injection pressure. This can be
characterized using permeability instead.

3.1.3.1. Effect of Injected Volume of Bio-Nano-Augmen-
tation Fluid on Permeability. A core with an initial
permeability of 18 mD was selected for the displacement
test, and the experimental results are shown in Figure 11.

70

(S T I LY B
o ©o o o o
T T T T T

Permeability (mD)

—
(=3
T

0 0.1 0.2
PV

(=]

Figure 11. Influence of injection volume on permeability.

It can be seen from Figure 11 that the injection of biological
nano-augmentation fluid can significantly improve the core
permeability, and with the increase of injected PV (pore
volume multiple), it shows a trend of first increasing and then
decreasing, that is, there is an optimal injection volume.

3.1.3.2. Effect of Injection Rate of Bio-Nano-Augmenta-
tion Fluid on Permeability. A core with an initial permeability
of 51 mD was selected for displacement experiments at
different flow rates. The experimental results are shown in
Figure 12.

It can be seen from Figure 12 that different flow rates of the
bio-nano-injection solution have different effects on the
improvement effect, and the increase of injection rates leads
to the improvement effect becoming better first and then
worse.

In this section, the effects of injection volume and injection
rate of bio-nano-injection-increasing solution on reservoir
permeability are studied through core displacement experi-
ments. The results show that there is an optimal value of
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Figure 12. Influence of injection rate on permeability.

injection volume and injection rate, and the injection effect will
decrease if the value is exceeded.

3.2. Parameter Optimization Results and Discussion.
3.2.1. Optimization of the Injection Volume. The injection
concentration was set as 1200 ppm, the injection rate was 120
m?/d, and the PV numbers of biological nano-augmentation
solution were 0.000234, 0.000268, 0.000292, 0.000326, and
0.000358. The application effects of biological nano-
augmentation solution with different volumes are shown in
Figure 13.
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Figure 13. Influence of injection volume on application consequent.

It can be seen from Figure 13 that the larger the injection
volume, the better the application effect, but the application
effect will slowly deteriorate after exceeding a certain extent;
when the injection volume is 0.000292PV, the wellhead
pressure drops and oil increase can achieve good application
effect.

3.2.2. Optimization of the Injection Concentration. The
injection PV was set to 0.000292, the injection rate to 120 m®/
d, and the injection concentrations of biological nano-solution
to 600, 900, 1200, 1800, and 2400 ppm. The application effects
of biological nano-augmentation solution with different
concentrations are shown in Figure 14.

It can be seen from Figure 14 that the higher the injection
concentration is, the better the application effect is. However,
after exceeding a certain degree, the application effect will not
get better, or even get worse slowly; when the injection
concentration is 1200 ppm, the wellhead pressure drop and oil
increase can achieve a good application effect.

3.2.3. Optimization of the Injection Rate. The injection PV
was set as 0.000292, the injection concentration as 1200 ppm,
and the injection rates of biological nano-augmentation fluid as
110, 115, 120, 125, 130, and 135 m*/d. The application effects
of biological nano-augmentation fluid with different injection
rates are shown in Figure 15.
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It can be seen from Figure 15 that with the increase of the
injection rate, the wellhead pressure drop value and the oil
increase amount first increase and then decrease, that is, there
is an optimal value (120 m*®/d).

In this section, numerical simulation was used to optimize
the injection volume, injection concentration, and injection
rate of the bio-nano-depressurization and injection enhance-
ment technology. Taking well group Al as an example, the
numerical simulation results show that the recommended
injection rate is 0.000292PV, the injection concentration is
1200 ppm, and the injection rate is 120 m*/d. If it exceeds the
recommended value, the results will not be optimal.

3.3. Field Application Results and Discussion. In July
2019, the biological nano-plugging removal and injection-

increasing measures were taken for well group Al in Bohai
Oilfield. After the measures, the injection pressure dropped
significantly at the beginning, to about 7—9 MPa, which was 10
MPa lower than before, and the pressure reduction range
reached 56%, showing an obvious pressure drop effect. One
year after the measures, the injection pressure gradually
increased to 10—12 MPa, still maintaining a certain pressure
drop effect. The corresponding daily injection volume rose to
150—200 m®/d at the beginning, 55 m?/d more than that
before the measure, and the injection increase reached 46%.
The injection rate of water injection wells significantly
increased. One year after the measure was implemented, the
injection volume decreased to 130—150 m?/d, and the effect of
pressure reduction and injection increase was still good.

In order to quantitatively evaluate the application effect of
biological nano-injection technology, Al well was selected to
use the above three methods to evaluate the effect of biological
nano-depressurization and injection technology.

3.3.1. Analysis by the Well Test Interpretation Method.
The well test fitting analysis results from Figure 16 show that
the near well permeability of Well Al changed from 280.60 to
670 mD, and the skin factor changed from 4.66 to 0.668 after
the treatment of biological nano-injection fluid. Bio-nano-
depressurization and injection-increasing technology can
effectively improve the formation permeability around
injection wells.

3.3.2. Analysis by the Water Absorption Index Method. 1t
can be seen from the Figure 17 that b = —2.941. After the
calculation of eq 16, it is found that the near well permeability
of Well Al changes from 280.60 to 797.59 mD after the
treatment of biological nano-injection fluid. Bio-nano-depres-
surization and injection-increasing technology can effectively
improve the formation permeability around injection wells.

3.3.3. Analysis by the Numerical Simulation Method.
Using the numerical simulation method, the near well
permeability changes from 280.60 to 736.4 mD.

The permeability and injection-increasing capacity coef-
ficient calculated by several methods are shown in Table 4. It
can be seen from Table 4 that the three methods can be used
to evaluate the performance of the biological nano-depressu-
rization and injection-increasing composite system, and the
methods have certain accuracy.
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Figure 16. Fitting diagram of well testing.
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Figure 17. Fitting diagram of apparent water injectivity index.

Table 4. Permeability and Injection Enhancement Coeflicient of Well Al in Bohai Oilfield before and after Bio-Nano-
Depressurization and Injection Enhancement Technology

permeability before well test interpretation water absorption index numerical simulation
parameter measures method method method
permeability/mD 280.60 670 803.87 736.40
injection-increasing capacity 2.285 2.452 2.376
coefficient
4. CONCLUSIONS (6) The evaluation method for the application effect of

biological nano-depressurization and injection-increasing
technology is proposed from three directions of well
testing, water absorption index, and numerical simu-
lation. The injection-increasing capacity coeflicients
calculated by the three methods are 2.285, 2.452, and
2.376, respectively, with little difference in calculation
results and high accuracy.

The bio-nano-injection-increasing solution is composed of
dispersant aids, biosurfactants, and hydrophobic nano-poly-
silicon particles. It has the dual advantages of high-efficiency
depressurization and environmental friendliness and has shown
good results in field experiments. The following conclusions
are drawn from the optimization of the injection parameters of
the biological nano-augmentation solution and the application

effect.
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