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Abstract: The SD107 gel system developed has good oil-water phase selective gelation and oil-water
phase selective blocking properties. The static gel-forming experiment results showed that the gel
water shutoff system formulated with oilfield reinjection water (oil content < 0.05%) has a viscosity
of 200 mPa-s after gelation, and the gel water plugging system formulated with oilfield produced
fluid (oil content > 20.0%) had a viscosity of 26 mPa-s after gelation. Results of the core physical
simulation experiment indicated that the enhanced recovery rate was the highest (34.6%) when the
resistance ratio of the high-low permeability core was about 10.0 after plugging. As per the fluid
volume (Q) of the oil well to be blocked, the maximum production pressure difference (AP) was
predicted, and on the basis of economic output, the resistance of the oil section, the resistance of
the high water cut section, and the resistance of the water outlet section after plugging was used
to calculate the plugging depth (rel, the limit water plugging radius), which offers a basis for the
design of water plugging process parameters for horizontal wells. The field water plugging test
results showed that after using this water plugging technology, the daily oil production increased
from about 4 t/d to 20 t/d, the daily oil increase was 16 t/d, and the water cut decreased from 75%
to about 25%. The water-blocking construction was a success.

Keywords: screened horizontal well; seepage resistance; selective water plugging agent; water
plugging scheme design; field test

1. Introduction

Casing and perforating completions, screen completions and open hole completions
are the three main methods for horizontal well completion [1], and 70% of domestic and
90% of foreign horizontal wells are completed by screen [2]. In the wake of oil fields’
development, most of the horizontal Wells have entered the medium and high water cut
period, and water plugging has turn into the main method of enhancing oil recovery in the
later period of horizontal well development in China.

According to injection technology, water plugging technology in horizontal wells
can now be split into mechanical water shutoff and chemical selective water shutoff [3]:
mechanical water shutoff includes preset working cylinders, packers, etc., and chemical
water shutoff methods include the usual injection plugging agent, ACP seals the well
section, etc. Mechanical plugging of water applies to casing well completion [1]. It is
effective in the initial stage of pumping. However, the formation water at the outlet is
easy to leak from the outside of the pipe to the nearby production well, resulting in short
water plugging period and unsatisfactory water plugging measures [4]. Chemical selective
water plugging is to use the different chemical properties of plugging agent in oil and
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water environment to achieve the goal of water plugging without oil plugging or less oil
plugging. It applies to horizontal wells with unclear water-producing horizons or physical
separation due to wellbore structure or technology [5].

In recent years, the domestic Tahe Oilfield has started selective water plugging of
horizontal wells for exceeding 50 well times [6]. The emulsion plugging agent was im-
plemented for 42 well times, with an effective rate of 59.5% and a cumulative oil increase
of 2.61 x 10* t. The temperature-resistant organic jelly is implemented for 7 well times,
the effective rate is 71%, and the cumulative oil increase is 0.54 x 10* t. The particle and
emulsion composite plugging agent is implemented for 2 well times. The efficiency is 100%
and the cumulative oil increase is 704.43 t.

Ghosh et al. [7] aimed at the phenomenon that most extended horizontal wells and
vertical wells with permeability heterogeneity usually producing water prematurely due
to many high permeability stripes and conductive fractures. An optional rig-less water
control scheme using the sequential action of three chemical fluids has been developed. The
results show that this scheme reduced water permeability by 85-90% and oil permeability
by less than 15%. Kadyrov et al. [8] proposed a new technology to control poor water
production in the open-hole section of horizontal wells aimed at carbonate reservoirs.
The main principle is that the coiled tubing passes through the auxiliary horizontal well
parallel to the main horizontal well for water-shutoff treatment and uses polyaluminum
chloride and polyacrylamide to form a rigid water barrier. The results showed that the use
of tracers (water-shutoff components) on the upper and side of the horizontal wellbore is
more important than the previous water-shutoff treatment. Zaripov et al. [9] discussed
a method to increase the production of heavy oil by temporarily blocking the under-
saturated oil zone in the early stage of steam injection and oil production horizontal well
pairing. The comprehensive use of reservoir simulation to design the water plugging
gel provides the best choice for plugging the water production area, thereby enhancing
the recovery efficiency of steam-assisted heavy oil. Czarnota et al. [10] put forward the
optimization method of horizontal well length under the quasi-steady flow condition
considering wellbore pressure drop and described the change of reservoir pressure in the
production process with the general material balance method. Ghahri et al. [11] developed
an in-house simulator to realistically simulate the multiphase flow of gas and condensate
around horizontal wells. Based on these simulation results, a new method for predicting
the productivity of horizontal wells in gas and condensate system was proposed, so as
to do a dynamic prediction of horizontal wells, which greatly facilitated the application
of engineering decision-making, and management decision-making to horizontal well
technology. Fang et al. [12] optimized the design of particle plugging agents and new
interpenetrating network gel composite system and carried out plugging experiments
and oil displacement experiments for flawless cores and fractured cores. The results
showed that the new type of mutual gel time of the penetrating network gel system could
reach 6-7 h at low-temperature conditions (30 °C), and it had strong shear resistance
and viscosity retention. Chen et al. [13] aimed at the phenomenon that the traditional
model which only considers the gel mechanism can not correctly predict the dynamic
performance of horizontal wells, presented a new reservoir wellbore coupling model for
horizontal well cementing and water cut prediction. A case prediction of on-site horizontal
water interception is carried out, and the results show that satisfactory results of water
interception treatment can be provided by the coupling modeling method.

Generally speaking, there are still technical bottlenecks in choosing plugging agents
and injection technology for chemically selective water plugging in horizontal wells [14-16]:
(1) there is still short of plugging agents with good reservoir applicability and strong
oil-water selectivity. In general injection [17-21], the blocking strength of the phase perme-
ability regulator is too low, easy to vomit, and the implementation effect is poor; the gel
plugging agent is easy to enter the pay zone and cause productivity damage [22,23]. (2)
There is no mature water plugging technology for selective water plugging of slotted screen
horizontal wells [24]. In this paper, a new selective water plugging system is developed
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and evaluated. Based on the equivalent seepage resistance method, the key parameters of
water plugging in horizontal wells, including the resistance of the oil section, the resistance
of the high water-cut section and the resistance of the water outlet section after plugging
are calculated. The new water plugging system have been applied in field tests, which
offers a basis for the design of water plugging process parameters for horizontal wells, and
improves the pertinence and pertinence of water plugging design in horizontal wells.

2. Development and Performance Evaluation of Selective Water Plugging System
2.1. Water Plugging Mechanism

According to the application effects of different types of chemical agents in domestic
oilfields, gel-type plugging agents are preferred to block high-permeability water chan-
neling channels. This type of plugging agent is formed by cross-linking of water-soluble
polymers and preferentially enters the water channel with high water content and good
physical properties [25]. Moreover, since the gel has a strong oil-water selectivity of “ex-
panding in contact with water and shrinking in contact with 0il”, even if it enters the same
outlet channel of oil and water, it can realize the technology of “blocking water without (or
less) blocking oil” through the function of “smart” switch aims.

Selective water plugging not only involves the selective plugging of oil and water by
the plugging agent, but also the selective entry of the plugging agent into the formation.
Core simulation test results and coring well data show that the water-washed sections of
oil layers with large permeability differences are all in high-permeability formations, while
low-permeability formations have extremely poor water flooding effects and basically
maintain the original oil saturation [26,27]. After long-term research experiments and field
applications, many mature selective plugging agents have been studied. With reference
to the application effects of different types of chemical agents in oilfields at home and
abroad, gel-type plugging agents are preferred to block high-permeability water channeling
channels [28]. This type of plugging agent is a water-soluble polymer added with a cross-
linking agent to cause the polymer to produce intermolecular or intra-molecular cross-
linking. During the water plugging process, the water-soluble plugging agent preferentially
enters the high permeability formation and rarely enters the low permeability formation.
Because the jelly has a strong oil-water selectivity of “expanding with water and shrinking
with 0il”, even if it enters the same outlet channel of oil and water, it can effectively block
the high permeability zone and expand the spread of injected water through the “smart”
switch. Coefficient, improving the water injection effect of crude oil in the low permeability
zone, achieves the technical goal of “water plugging without (or less) oil plugging”, and
increasing the oil recovery rate of water injection development.

Polyacrylamide is a water-soluble high-molecular polymer with a linear main chain
and active groups on its side chains, which have different effects on oil and water (shown in
Figure 1). The mechanism of action is that after the organic silicon enhancer is hydrolyzed,
the two groups in the molecular structure diffuse to the surface of similar polarity, and one
end of the hydroxyl group on the rock surface undergoes hydrolysis and condensation to
form a molecular film with a network structure covering the rock surface. The adhesion; the
organic group reacts with the amide group and carboxyl group on the partially hydrolyzed
polyacrylamide molecule to form a three-dimensional network structure, thereby realizing
the cross-linking process between dissimilar materials and improving the polymer and
rock bonding ability of the surface. The flow resistance of water is increased, the water
permeability is reduced, and the purpose of reducing water outflow from the formation is
achieved. When oil passes through these pores, the polymer molecules shrink and stick
to the rock surface. There is no significant increase in the resistance to oil flow, and the
damage to the oil phase permeability is small. Limit water production in the well without
affecting oil and gas production. There is no need to measure the water source or the
barrier section during treatment, and the treatment cost is low.
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Figure 1. The selective water plugging mechanism of the SD107 gel system.

2.2. Selectivity Evaluation Experiment of Plugging Agent
2.2.1. Evaluation of SD107 Gelling Selectivity

(1) Experimental materials

Oil and water sample preparation: 500 g of Y oilfield produced fluid (20% oil content,
80% water content), and 500 g of Y oilfield produced water.

Selective gel system composition: The polymer was anionic comb polyacrylamide
(SD201 molecular weight 18 million). The cross-linking agent was organic carboxylic acid
chromium (SD107). The strengthening agent was hydroxyethyl aminopropane triethoxysi-
lane (SD102).

Jelly solution configuration: We used Y oilfield produced fluid and Y oilfield produced
water respectively, to prepare 350 mL jelly solution. The formula used polymer concentra-
tion of 0.30%; cross-linker concentration of 0.30%; enhancer concentration of 0.25%.

(2) Experimental process

According to the recommended formula, we used Y oilfield produced fluid and Y
oilfield produced water respectively to prepare 350 mL jelly solution, pouring it into a
container, in a constant temperature water bath set to 50 °C, constant temperature time
48 h, and then remove. Pour the sample into a beaker, observe the gel state of the two
samples, and test the viscosity data with a Bush viscometer.

(3) Experimental results

Results of the experiment show (Figure 2) that the produced fluid water plugging
system of Y oilfield is in an ungelled state after constant temperature, maintaining fluidity.
The gel water plugging system in the produced water of Y oilfield obviously became
more viscous, and the water plugging system had a good gelling performance; the Bush
viscometer test viscosity data was that the gelled water plugging system prepared by the
produced water of Y oilfield had a viscosity of 200 mPa-s after gelling. For the Y oilfield
produced fluid prepared gel water plugging system, after a constant temperature of 48 h,
the viscosity of the water plugging system was 26 mPa-s, and it could be seen that the
SD107 plugging agent had good gelling selectivity.
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Figure 2. SD107 water plugging system gelled state in sewage and oil-water mixture.

2.2.2. Evaluation of SD107 Gel Blocking Selectivity

(1) Selection of experimental materials and formulas

Oil and water sample preparation: the Y oilfield produced 2000 g of oil and the Y
oilfield produced 5000 g of water.

Selective gel system composition: polymer (SD201), cross-linking agent (SD107),
strengthening agent (SD102 (II))

Gel solution configuration: we used the Y oilfield produced water, prepare three kinds
of strength gel solution are 350 mL, the formulas used polymer concentration 0.30~0.50% +
cross-linking agent concentration 0.30~0.40% + enhancer concentration 0.25~0.35%.

Three different gels were prepared, and the formulation are shown in Table 1.

Table 1. The formulation of three different gel.

Number Polymer Cross-linking Agent Enhancer
Concentration/% Concentration/% Concentration/%
1 0.3 0.2 0.25
2 0.4 0.3 03
3 0.6 0.3 0.35

(2) Experimental method

The simulated oil displacement device and supporting facilities (shown in Figure 3)
were used to conduct experiments to produce a sand-filled core model tube (length 50 cm,
diameter 2.5 cm), and the water (oil) measured permeability of the model tube reached
2.5~3.0 um2. We measured the pore volume (PV) of the core tube and conducted a simulated
plugging experiment at a constant temperature of 60 °C, injecting a selective gel plugging
system, and performed water flooding (oil flooding) after a certain constant temperature
for a certain period of time to test the core plugging rate and residual resistance.

(3) Experimental results

The experimental results show (Table 2, Figures 4-8) that on 3 cores with similar
permeability (2.0~3.0 um?), after water flooding, 0.6 PV plugging agent systems of dif-
ferent strengths (1#, 2#, 3#), the water flooding test after the plugging agent was gelled,
the plugging rate produced by the core is greater than 98%, and the residual resistance
coefficient was 57.19~81.47. On the core with similar permeability (2.0~3.0 um?), after oil
flooding, 0.6 PV plugging agent system (3#) was injected, and the oil flooding test after the
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plugging agent gelled, the plugging rate produced by the core was 77.55%, and the residual
resistance, the coefficient was 4.45. It can be seen that the SD107 plugging agent has good
oil-water phase selective plugging and water phase high-strength plugging performance.
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Figure 3. Experimental device.

Table 2. Core parameter data of 1#~3# formulation system before and after plugging.

Permeability of Follow-Up
Follow-U; .
. o System Steady Core Subsequent . p Drive 2 PV
Medium Types Jelly Formula/% Viscosity/mPa-s Pressure/MPa Permeability/um? Flooding 2 Bl O?I?i‘rlle ZRI;EL /% Residual
PV/pm? g ° Resistance
03+0.2+0.25 140 0.00675 2.514 0.0440 98.25 57.19
Water phase 0.4 +0.3+0.30 380 0.0075 2.263 0.0309 98.64 73.33
0.6+0.3+0.35 980 0.0075 2.263 0.0278 98.77 81.47
Oil phase 0.6 +0.3+0.35 980 0.072 2.628 0.5900 77.55 445
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Figure 4. 1# Formula system displacement pressure curve before and after plugging
(water phase).
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2.2.3. Evaluation of SD107 Gel Blocking Effect

@

Selection of experimental materials and formulas

Oil and water sample preparation: the Y oilfield produced 2000 g of oil and the Y

oilfield produced 5000 g of water.

Selective gel system composition: polymer (SD201), cross-linking agent (SD107),

enhancer (SD102).

Gel solution configuration: using Y oilfield produced water, the three strength gel

solutions are 350 mL, and the formula uses polymer concentration 0.40% + cross-linker
concentration 0.30% + enhancer concentration 0.30%.

)]

a.

Experimental methods and procedures

Experiments were carried out with simulated oil displacement equipment and sup-
porting facilities (Petroleum Scientific Research Instrument Co., Ltd., Haian County,
China), and nine sets of sand-filled core model tubes with low permeability (size:
length 50 cm, diameter 2.5 cm) were made. As per the permeability requirements,
the permeability of 1.0 pm? and 3.0 um? was designed, according to the mass ra-
tio of 80-100 mesh:100-120 mesh:160-200 mesh = 2:2:1 to fill 1.0 um?; according
to 80-100 mesh:100-120 mesh:160-200 mesh = 3:1.5:0.5 mass ratio of sand filled
3.0 um?, after mixing uniformly, fill the core tube model according to a certain degree
of compaction.

The dry weight of the core was measured as m1, the saturated formation water was
evacuated, the wet weight was measured as m2, the pore volume was measured
(v =(m2-m1)/p water), and the porosity was calculated.

The pipelines were connected in accordance with the experimental procedure and
the water permeability was measured. The pressure change range of 30 min was less
than 5% or unchanged, and the permeability was calculated as per Darcy’s law.

At a constant temperature of 55 °C, the high and low permeability cores were
saturated with oil, respectively, and the saturated oil was stopped when the outlet
oil content was greater than 98%.

The high and low permeability cores were connected in parallel and the water flood
tests was carried out, and the water flood tests were stopped when the comprehensive
water cut reached 98%.
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f. On nine sets of parallel cores, plugged the high-permeability cores, and injected the
plugging agent system 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0 times the volume of
the high-permeability cores, and kept the temperature at 5 °C for 48 h.

g.  After the constant temperature process, the resistances of the high- and low-permeability
cores were tested, respectively. After the test, the high- and low-permeability cores
were connected in parallel for the subsequent water flood experiments, and the water
flood experiments were stopped until the comprehensive water cut reaches 98%.

h.  After the entire process of the displacement experiment and the high-permeability plug-
ging, the relationship between the ratio of resistance to the flow of high-permeability
and low-permeability cores and enhanced oil recovery was analyzed.

(3) Experimental results

On nine sets of parallel cores with low permeability of 1.0 um? and high permeability
of 3.0 um?2, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0 of the high permeability core volume
were injected into the high permeability cores. The experimental results showed that
(Figure 9), as the amount of plugging agent injected increases, the ratio of high permeability
resistance to low permeability resistance gradually increases, and the comprehensive
enhanced oil recovery value first increases and then slowly decreases; When the high-low
permeability core resistance ratio is 1.2 to 9.8, the enhanced oil recovery value increases
with the increase of the plugging dose; when the high-low permeability core resistance rate
is greater than 9.8, the enhanced recovery value increases with the increase of the plugging
dose. Results of the experiment indicated that when the high-to-low permeability core
resistance ratio is about 10.0, the enhanced recovery rate is the highest.

1.2 2.4 3.2 4.5 6.8 9.8

40

4 20
I;A]CI
0

17. 6

EEm [Injection volume/PV

—e—Enhanced recovery/%

Enhanced recovery/%o

15.3

High permeability resistance/low permeability resistance

12. 2

Figure 9. The relationship between the ratio of high permeability resistance to low permeability resistance and enhanced oil
recovery after plugging.

The results of indoor system research and development experiments and physical
simulation blocking experiments have shown that the main composition of the SD107 jelly
system formula developed are: polymer concentration 0.30~0.50% + cross-linking agent
concentration 0.30~0.40% + enhancer concentration 0.25~0.35%; SD107 gel system has
good oil-water selective gelling performance and oil-water selective plugging performance;
when the high-to-low permeability core resistance ratio is about 10.0 after plugging, the
enhanced recovery rate is the highest (which can increase the recovery rate by 34.6%).

3. Determination of Key Parameters of Water Plugging in Horizontal Wells

Horizontal well production technology is one of the important technologies to improve
the efficiency of oilfield development. At present, a high water cut in horizontal wells is a



Energies 2021, 14, 791

10 of 14

difficulty that restricts the efficient development of horizontal wells. Research on horizontal
well water plugging selective plugging agents and water plugging parameters is the core
of horizontal well water plugging technology. These are mainly involved in horizontal
well water plugging process parameters such as plugging depth, plugging agent strength,
plugging agent dosage, combination mode, and on-site injection pressure control.

3.1. Calculation of Seepage Resistance of Oil-Water Seepage Channels

On the basis of the previous experiment, according to the method of equivalent
permeability resistance, the resistance of the oil outlet section and the water outlet section
after plugging are shown in Formulas (1) and (2), respectively, and the effective plugging
depth and plugging agent are the calculated strength [29].

Ho Te
Ro = In ¢ 1
07 2nKhy T 1y )

HseRfparet o Mo po e

R p—
T D Khy e | 27Khg Ty

@)
where Ry is the resistance of the oil outlet section, Pa/(cm3/s). Mo is Viscosity of under-
ground crude oil, mPa-s. g, is the viscosity of the gel, mPa-s. jy, is viscosity of oil-water
mixture in water channel, mPa-s. K is the average permeability of the formation, um?. hj is
the length of the oil outlet section, cm. Ry, is the resistance of the outlet section, Pa/ (cm3/s).
hy is the length of outlet section, cm. 7, is liquid supply radius, cm; ry, is wellbore radius,
cm. Ry is the residual resistance coefficient of jelly and 7. is blocking range of plugging
agent, cm.

3.2. Prediction of Water Plugging Depth of Horizontal Wells

The goal of water plugging is to obtain the maximum oil production and the lowest
water cut. Nevertheless, the fluid supply capacity of the oil well needs to be guaranteed
after the water plugging. Therefore, a reasonable plugging range needs to be studied to
ensure the normal production of the oil well after the water plugging. Starting from the
principle of fluid percolation, the percolation resistance of oil phase, water phase, and
oil-water phase is taken as the research object, and the plugging range is calculated on the
basis of the method of equivalent percolation resistance (Equations (1) and (2)).

According to the liquid volume (Q) of the oil well to be blocked, the maximum
production pressure difference (AP) is predicted, and the plugging depth (rel, the limit
water blocking radius) is calculated on the basis of economic production [29].

1 1 1

R™R R ®
AP
Q= R 4

where Q is production, AP is production pressure difference, R is section resistance,
Pa/(cm3/s). R—resistance, Pa/(cm3/s), Ry is the resistance of the oil outlet section,
Pa/(cm3/s), and Ry, is resistance of the outlet section, Pa/(cm3/s).

3.3. Calculation of Water Plugging Consumption for Horizontal Wells

In general, the amount of plugging agent is related to the length of the plugging
section, effective porosity, plugging depth, and other parameters. The statistical data of the
on-site water-finding test results of high water-cut horizontal wells show that the length of
the water outlet section of a general high water-cut horizontal well accounts for 10-20%
of the length of the production well section (the length of the water outlet section hw: the
length of the oil-bearing section hO = 1:9~1:4). The water output situation of horizontal
wells is relatively complicated, and the amount of water plugging in horizontal wells
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needs to be combined with the location and shape of the water to conduct a study on the
optimization design of the amount [29].

Qp = mre’Léc (5)

where Q) is the amount of plugging agent, m®, c is correction factor, L is the length of
plugging section, and ¢ is effective porosity.

4. Field Application
4.1. Production Dynamics and Effluent Analysis

Well H2 is a horizontal well in the east section of Yuedong Oilfield. It was completed
in February 2011 with a depth of 2356 m and a completion zone of Ed1II1. The effective
thickness of Ed1II1 is about 10 m, the oil saturation is about 67%, the average porosity of
the reservoir is about 33%, and the average permeability is about 2100 x 10~ um?. The
viscosity of underground gas-bearing crude oil is estimated to be 800~1000 mPa-s, the
salinity of groundwater is about 1500 ppm, the formation temperature is about 55 °C, and
the original formation pressure is about 13.5 MPa.

The pump started production on 27 February 2011, with an initial daily output of
30-80 t, basically water-free, and the well was shut down in September of the same year. It
started in May 2013 and started normal production in November. Initially, the daily oil
production was 45 tons, which was basically free of water; after that, the water content rose
slowly and the oil well produced stable fluid production. On 29 December, 2014, the water
content rose from 14.8% to 48.2%, the water content rose to 82.3% within 10 days, and the
daily oil production was 7 tons. From 9 January to 9 February, 2015, after the well was shut
down and heated, the water content of the well opened was above 50% and continued
to rise, showing obvious characteristics of water channeling. As of 6 June 2015, the daily
fluid production was 20.4 t, the daily oil production was 4.9 t/d, the water content was
76.0%, the cumulative fluid production was 3.47 x 10* t, the cumulative oil production
was 3.09 x 10* t, and the cumulative water production was 0.38 x 10* t.

The water content of the H2 well rose shortly after it was put into production; the
initial rise was slow, and the later stage was violent flooding, and the recovery was low,
indicating that there may have been a small-scale special channel near the well, and the
water should be small. During the period, the dynamic liquid level was stable at 100 m,
and the oil pressure was stable at 0.5 MPa, indicating that there was a large energy body of
water at a long distance.

4.2. Water Blocking Test

The reservoir where the horizontal section of Well H2 was located was continuously
developed, with a large effective thickness, and the horizontal section was long (about
600 m). The water channel had just begun to form and the plugging time was good.
However, it was a slotted screen completion, and the location and scale of the water outlet
point (section) could not be correctly judged. Therefore, the construction of selective water
plugging with chemical agents in the H2 well was difficult. On the basis of ensuring the
better selectivity of the plugging agent, it was necessary to scientifically design the amount
and injection parameters of the plugging agent so that the plugging agent could enter the
channeling channel without polluting the oil outlet section.

According to the method of equivalent permeability resistance and the actual reservoir
parameters (Table 3), the output section resistance Formula (1) was used to calculate R,
and the Ry, was calculated according to Formula (4). Then the plugging radius rel: 10 m is
calculated on the basis of Formula (2) of the resistance of the outlet section after plugging.
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Table 3. Value of each parameter.

Parameter Value Parameter Value

Und(.ergro.u nd crude ol 800 Residual drag coefficient 15
viscosity /mPa-s
Length f’f oil outlet 5000 Watgr cha}nnel mixture 120
section/cm viscosity /mPa-s
Liquid supply radius/cm 25,000 Gel viscosity /mPa-s 200
Wellbore radius/cm 5 Average per meabﬂ?y of 21
formation/pum
Porosity /% 35 Length of oil outlet 1000
section/cm

On the basis of the judgment of point (segment) effluent, the length of the design
plugging section is 50 m, and the number of plugging agent was calculated according to
Formula (5), then the amount of major plugging agent was 1055 m>.

It was predicted that the liquid volume after plugging would be 33 m?/d, the water
content would drop to 27%, and the production pressure difference will be 4.2 MPa.
According to Formula (3), the resistance R after water plugging could be calculated as
0.127 Pa/(cm3/s).

During the on-site implementation (Figure 4), the pressure climbed gently, from 0 MPa
to 8 MPa approximately linearly. When the strong slug is injected, the oil pressure rises to
a maximum of 8 MPa, and slowly drops to 6.5 MPa at the end of the construction, and the
injection ends. Before water plugging, the daily fluid production was 20.4 t/d, the daily oil
production was 4.9 t/d, and the water content was 76.0%. After the water plugging, the
daily fluid production was 27.3 t/d, the daily oil production was 20.4 t/d, and the water
content was 25.3/%; The oil increase was 15.5 t/d, and the water cut decreased by 50.7%
(Figure 5). A good water plugging effect was seen.

5. Conclusions

(1) The main composition of the SD107 jelly system developed is: polymer concentration
0.30~0.50% + cross-linking agent concentration 0.30~0.40% + enhancer concentration
0.25~0.35%; the system has good oil-water selectivity Glue and oil-water selective
plugging properties; the enhanced oil recovery rate is highest when the high—low
permeability core resistance ratio after plugging is about 10.0.

(2) On the basis of the equivalent seepage resistance method, the resistance of the oil
section, the resistance of the high water cut section, and the resistance of the water
outlet section after plugging are calculated, which are the horizontal well water
plugging process parameters (plugging depth, plugging agent strength, plugging
agent dosage, combination mode, and on-site injection pressure control, etc.) design
provides a basis for improving the pertinence and theory of horizontal well water
plugging design.

(3) Results of the field test indicate that the daily fluid production before water plugging
is 20.4 t/d, the daily oil production is 4.9 t/d, the water content is 76.0%, the daily fluid
production after water plugging is 27.3 t/d, and the daily oil production is 20.4 t/d,
Water cut is 25.3/%; daily oil increase is 15.5 t/d, water cut is reduced by 50.7%, a
good water plugging effect is seen, and a new successful model for water plugging of
horizontal wells with slotted screens of the same type has been established.

(4) The selection of a good oil-water phase selective plugging agent and accurate wa-
ter plugging process parameter calculation method established a new model and
successful experience for water plugging in horizontal wells with slotted screens of
the same type, and improved the pertinence and theory of horizontal well water
plugging technology.



Energies 2021, 14, 791 13 of 14

Author Contributions: Writing—original draft: B.D.; resources: Z.J.; writing—review and editing:
W.L,; data curation: X.L.; formal analysis: ].G.; Validation: W.Y.; Funding acquisition: H.W.; Funding
acquisition: Z.Q. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China under Grand
2020YFA0711800 and the National Natural Science Foundation of China (Grant No. 51874338).

Institutional Review Board Statement: This paper is not related to ethical problem. We choose to
exclude this statement because the study did not require ethical approval.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to its new invention.

Acknowledgments: The authors would like to acknowledge the financial support of the National Key
R&D Program of China under Grand 2020YFA0711800 and the National Natural Science Foundation
of China (Grant No. 51874338).

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations

Ry the resistance of the oil outlet section, Pa/(cm?3/s)
Ho viscosity of underground crude oil, mPa-s

Heer  Viscosity of the gel, mPa-s

Mw  Viscosity of oil-water mixture in water channel, mPa-s
K the average permeability of the formation, um?
ho length of oil outlet section, cm

Ry  resistance of the outlet section, Pa/(cm?/s)

Iy length of outlet section, cm

Te liquid supply radius, cm

Tw wellbore radius, cm

Ry residual resistance coefficient of jelly

r.1  blocking range of plugging agent, cm

Q production, m3/d

AP production pressure difference, Pa

R section resistance, Pa/(cm>/s)

R resistance, Pa/(cm3/s)

Qp  the amount of plugging agent, m3

c correction factor

L the length of plugging section, m

Loy effective porosity

References

1. Yikun, L,; Pin, H;; Jihua, F; Daiyu, Z. The background, current situation and development trend of water plugging in horizontal
wells. J. Oil Gas Technol. 2005, 27, 757-760.

2. Falin, W,; Yuzhang, L.; Yikun, L.; Xiaofen, T.; Chunming, X. Current status and development trend of water plugging technology
in horizontal wells with slotted liners. Pet. Drill. Prod. Technol. 2007, 29, 40-43.

3. Hongjiang, G.; Jingfeng, G.; Qiling, L.; Xijjun, L. Research on chemical water plugging supporting agents for horizontal wells.
Oilfield Chem. 2009, 26, 387-390.

4. Jiasheng, L. Improvement and test of water plugging technology for horizontal wells in heavy oil reservoirs with edge and
bottom water. Mod. Chem. Ind. 2013, 42, 290-293.

5. Wei, L.; Pingping, Q.; Yefei, W. Research on inorganic precipitates as water plugging and profile control agents. Inorg. Salt Ind.
2007, 39, 41-43.

6.  Guangyan, L.; Fei, Q.; Wenming, W.; Liang, L.; Zhaowen, Z. Water production analysis and supporting water plugging technology
for horizontal wells in Tahe sandstone reservoir. Fault Block Oil Gas Field 2013, 20, 248-251.

7. Ghosh, B.; Bemani, A.S.; Wahaibi, Y.M.; Hadrami, H.; Boukadi, EH. Development of a novel chemical water shut-off method for

fractured reservoirs: Laboratory development and verification through core flow experiments. J. Pet. Sci. Eng. 2011, 96, 176-184.
[CrossRef]


http://doi.org/10.1016/j.petrol.2011.08.020

Energies 2021, 14, 791 14 of 14

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kadyrov, R.R.; Nizaev, RK.; Yartiev, A.F.; Mukhametshin, V.V. A novel water shut-off technique for horizontal wells at fields with
hard-to-recover oil reserves. Neftyanoe Khozyaistvo 2017, 5, 44—47. [CrossRef]

Zaripov, A.T.; Beregovoi, A.N.; Shaikhutdinov, D.K,; Khafizov, R.I.; Zakharov, Y.V,; Bisenova, A.A. Improving the Efficiency of
Steam-Assisted Heavy Oil Production Using Gel-Forming Systems. Tekhnologii Nefti I Gaza 2018, 1, 35-38.

Czarnota, R.; Stopa, J.; Janiga, D.; Kosowski, P.; Wojnarowski, P. Semianalytical horizontal well length optimization under
pseudosteady-state conditions. In Proceedings of the 2018 2nd International Conference on Smart Grid and Smart Cities
(ICSGSC), Kuala Lumpur, Malaysia, 12-14 August 2018.

Ghahri, P; Jamiolahmadi, M.; Alatefi, E.; Wilkinson, D.; Dehkordi, ES.; Hamidi, H. A new and simple model for the prediction of
horizontal well productivity in gas condensate reservoirs. Fuel 2018, 223, 431-450. [CrossRef]

Fang, YJ.; Yang, E.L.; Cui, X.N. Study on profile control and water shut-off performance of interpenetrating network polymer gel
composite system in shallow low temperature fractured oil layer. Chem. Sel. 2019, 4, 27. [CrossRef]

Chen, X.C.; Feng, Q.H.; Wang, Q. Performance prediction of gel water shutoff in horizontal wells using a newly coupled
reservoir-wellbore model. J. Energy. Resour. ASME 2014, 136, 2.

Fulin, Z.; Dong, C.; Jinfu, Z. Alkaline silica gel water plugging agent. J. Univ. Pet. Ed. Nat. Sci. 1988, 12, 1-9.

Zhenwei, G. Water plugging in horizontal wells in bottom water sandstone reservoirs in Tahe Oilfield to enhance oil recovery.
Fault Block Oil Gas Field 2010, 17, 372-375.

Makkia, A.; Redhah, S.A.; Saleh, A.; Saeed, S. Rigless Water Shut-Off Experience in Offshore Saudi Arabia; SPE: Dubai, United Arab
Emirates, 2003; p. 81443.

Davarpanah, A.; Mirshekari, B. Mathematical modeling of injectivity damage with oil droplets in the waste produced water
re-injection of the linear flow. Eur. Phys. ]. Plus 2019, 134, 180-187. [CrossRef]

Uddin, S.; Jimmy, D.; Dolan, R.A. Lessons Learned from the First Open Hole Horizontal Well Shutoff Job Using Two New Polymer
Systems—A Case History from Wafra Ratawi Field; SPE: Dubai, United Arab Emirates, 2003; p. 81447.

Hu, X;; Xie, J.; Cai, W.; Wang, R.; Davarpanah, A. Thermodynamic effects of cycling carbon dioxide injectivity in shale reservoirs.
J. Pet. Sci. Eng. 2020, 195, 107717. [CrossRef]

Caili, D.; Fulin, Z.; Yaolin, L.; Decheng, F.; Shang, R. Water ridge advance control technology of horizontal wells in offshore
oilfields. Acta Pet. Sin. 2005, 26, 69-72.

Zaitoun, A.; Kohler, N.; Montemurro, M.A. Control of Water Influx in Heavy-Oil Horizontal Wells by Polymer Treatment; SPE:
Sunnyvale, CA, USA, 1992; p. 24611.

Lovel Land, K.R.; Bond, A.J. Recent Application of Coiled Tubing in Remedial Well Work at Prude Bay; SPE: Sunnyvale, CA, USA, 1996;
p- 35587.

Hu, X,; Li, M.; Peng, C.; Davarpanah, A. Hybrid thermal-chemical enhanced oil recovery methods; An experimental study for
tight reservoirs. Symmetry 2020, 12, 947. [CrossRef]

Arangth, R.; Mkpasi, E.E. Water Shut-Off Treatments in Open Hole Horizontal Wells Completed with Slotted Liners; SPE: Sunnyvale,
CA, USA, 2002; p. 74806.

Nesic, S.; Zolotukhin, A.; Mitrovic, V.; Govedarica, D.; Davarpanah, A. An analytical model to predict the effects of suspended
solids in injected water on the oil displacement efficiency during waterflooding. Processes 2020, 8, 659.

Davarpanah, A.; Mirshekari, B. A simulation study to control the oil production rate of oil-rim reservoir under different injectivity
scenarios. Energy Rep. 2018, 4, 664—670. [CrossRef]

Davarpanah, A. Parametric study of polymer-nanoparticles-assisted injectivity performance for axisymmetric two-phase flow in
EOR processes. Nanomaterials 2020, 10, 1818. [CrossRef] [PubMed]

Wojnarowski, P.; Czarnota, R.; Janiga, D.; Stopa, J. Novel liquid-gas corrected permeability correlation for dolomite formation. Int.
J. Rock Mech. Min. Sci. 2018, 112, 11-15. [CrossRef]

Jun, Y,; Jianwei, G.; Aimin, L. Principles and Methods of Reservoir Engineering; University of Petroleum Press: Dongying, China, 2000.


http://doi.org/10.24887/0028-2448-2017-5-44-47
http://doi.org/10.1016/j.fuel.2018.02.022
http://doi.org/10.1002/slct.201901900
http://doi.org/10.1140/epjp/i2019-12546-9
http://doi.org/10.1016/j.petrol.2020.107717
http://doi.org/10.3390/sym12060947
http://doi.org/10.1016/j.egyr.2018.10.011
http://doi.org/10.3390/nano10091818
http://www.ncbi.nlm.nih.gov/pubmed/32932654
http://doi.org/10.1016/j.ijrmms.2018.10.004

	Introduction 
	Development and Performance Evaluation of Selective Water Plugging System 
	Water Plugging Mechanism 
	Selectivity Evaluation Experiment of Plugging Agent 
	Evaluation of SD107 Gelling Selectivity 
	Evaluation of SD107 Gel Blocking Selectivity 
	Evaluation of SD107 Gel Blocking Effect 


	Determination of Key Parameters of Water Plugging in Horizontal Wells 
	Calculation of Seepage Resistance of Oil-Water Seepage Channels 
	Prediction of Water Plugging Depth of Horizontal Wells 
	Calculation of Water Plugging Consumption for Horizontal Wells 

	Field Application 
	Production Dynamics and Effluent Analysis 
	Water Blocking Test 

	Conclusions 
	References

