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Deep low permeability extra heavy oil reservoir has the characteristics of high formation pressure, high crude oil viscosity, and low
permeability. Conventional steam injection thermal recovery has poor viscosity reduction performance and low productivity of a
single well, which makes it difficult to develop this type of heavy oil reservoir. In this paper, core flooding experiment and
microvisualization equipment were used to study the mechanism of improving the recovery of deep extra heavy oil by using
water-soluble viscosity reducer; the realization of water-soluble viscosity reducer in numerical simulation was achieved by using
nonlinear mixing rule; the reservoir numerical simulation model of water-soluble viscosity reducer displacement in test well
group was established to optimize the development technical parameter of water-soluble viscosity reducer. The results show that
compared with waterflooding, the oil displacement efficiency of water-soluble viscosity reducer is increased by 12.7%; water-
soluble viscosity reducer can effectively reduce the viscosity of extra heavy oil, under the same temperature and permeability, the
higher the concentration of viscosity reducer, the better the viscosity reduction effect, and the smaller the pressure gradient
required at the same injection rate; the main mechanism of water-soluble viscosity reducer for enhancing oil recovery is to form
oil in water emulsion, which can reduce the viscosity and interfacial tension of crude oil and reduce the residual oil saturation;
in the pilot well group, the optimized injection concentration of water-soluble viscosity reducer is 3%, and the optimal injection
amount of water-soluble viscosity reducer solution is 50 t/d; water-soluble viscosity reducer displacement was implemented in
the pilot well group, the average daily oil of well group was increased from 1.8t/d to 7.34t/d, and the pilot well group has
achieved good development performance.

1. Introduction

Deep low permeability extra heavy oil reservoirs refer to the
oil reservoirs with buried depth more than 2200 m, reservoir
permeability lower than 300md, and crude oil viscosity
greater than 10000mPa-s at 50°C. Deep low permeability
extra heavy oil reservoirs have the characteristics of deep
burial depth, high formation pressure, low permeability,
and poor crude oil fluidity, which leads to great difficulty in
development and low productivity of a single well [1-10].
At present, there is no clear and reasonable development
method for the economic and effective production of this

type of heavy oil reservoir. The effective development of deep
low permeability extra heavy oil is mainly restricted by two
factors: one is the high reservoir pressure caused by deep
burial depth; the other is the difficulty of flow caused by
low permeability and high viscosity of crude oil [11-18].
High reservoir pressure leads to high surface steam injec-
tion pressure; when the injection pressure exceeds the critical
steam pressure (22.07 MPa), saturated steam with a certain
dryness will become liquid-phase high-pressure hot water.
For example, the enthalpy of saturated steam with 40% dry-
ness is 853 kJ/kg, while that of high-pressure hot water is only
1.15k]/kg. The specific volume of saturated steam with 40%
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dryness is 2033 L/kg, while that of high-pressure hot water is
only 4.41 L/kg. Because the enthalpy and specific volume of
liquid-phase high-pressure hot water are far less than that
of gas-phase saturated steam, its viscosity reduction radius
is obviously weaker than that of steam, which leads to the
difficulty of viscosity reduction by conventional steam ther-
mal in deep low-permeability heavy oil reservoirs. Due to
the dual influence of high crude viscosity and low reservoir
permeability, it is difficult for crude oil to flow under initial
formation conditions. During heavy oil cold production
development, the limit oil drainage radius is less than 10m
[13, 19-23]. Therefore, how to improve heavy oil flow capac-
ity has become one of the key technologies for effective devel-
opment of deep low permeability heavy oil reservoirs.

In order to improve the development performance of
deep low permeability extra heavy oil reservoirs, the research
of viscosity reducer flooding has been started gradually which
mainly focuses on the huff and puft of water-soluble viscosity
reducer, the mechanism of improving recovery, and the
development technology [17, 24-27]. In the past, a water-
soluble viscosity reducer was used in the near-wellbore reser-
voir for plugging removal; on the other hand, it was used as
an auxiliary in thermal oil recovery [18, 28, 29]. However,
there are few research and field applications of extra heavy
oil reservoirs using viscosity reducer flooding at present. This
paper studies the mechanism and field application effect of
viscosity reducer flooding in deep low permeability extra
heavy oil reservoirs from three aspects of physical simulation,
numerical simulation, and field application.

2. Experiments

2.1. Experimental Apparatus and Materials. Experimental
apparatus includes interface tensiometer, Brookfield viscom-
eter, electric mixer, dehydration apparatus, stirrer, core
displacement experiment device (including sand pack, pump,
back pressure valve, the middle container, incubator, con-
stant speed and pressure pump, electronic balance, and
timer), microscopic simulation model of glass etching, and
digital microscopic camera system.

The experimental oil is from Es4* formation in Wang 152
block of Shengli Oilfield, viscosity of degassed crude oil at
50°C is 16840 mPa-s, and oil density is 0.9689 g/cm’. The
experimental water is also from Es4* formation in Wang
152 block, which is calcium chloride type, and the minerali-
zation degree is 30432mg/L. The water-soluble viscosity
reducer was composed of 0.3% anionic surfactant XJ+0.2%
nonijonic emulsifying viscosity reducer OP-10. XJ is a new
viscosity reducer synthesized by the oxidation reaction and
sulfonation reaction. The water-soluble viscosity reducer is
a homogeneous liquid without impurities and with a pungent
smell. The pH value is about 7.0, and it is soluble in water
without precipitation. The content of organic chlorine is 0,
the natural sedimentation dehydration rate is 92%, and the
washing oil rate is 86%. The basic parameters of a water-
soluble viscosity reducer are listed in Table 1. The basic
parameters of a water-soluble viscosity reducer are as follows:
when the mass fraction is 3%, the viscosity reduction rate is
82.1%, and the interfacial tension is 0.34 mN/m.
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2.2. Experiment Methods

2.2.1. Oil Displacement Experiment. In order to analyze and
compare the oil displacement efficiency of waterflooding
and viscosity reducer flooding, two groups of viscosity
reducer and waterflooding core displacement experiments
were carried out. The experimental setup is shown in
Figure 1. According to the actual formation parameters of
Wang 152 block, in order to compare the development effects
of different displacement methods, two sand packs were
made; the core parameters are shown in Table 1. The exper-
imental steps are as follows: O the core was vacuumed and
injected with formation water until continuous water drops
appear at the outlet of the core; @ the saturated water in
the core was replaced by experimental oil until continuous
oil drops appear at the outlet of the core; ® No.1 core was
injected with formation water to drive oil, and the injection
rate is 0.25 mL/min until the water cut is above 98%; ® in
No.2 core, 3% viscosity reducer was used for oil displace-
ment, and the injection rate was consistent with step ® until
the water cut was above 98%; ® the formation waterflooding
and viscosity reducer flooding with different mass fractions
were carried out, respectively. When the water cut was above
98%, the experiment was finished, and the injection pressure,
oil production rate, and water production rate at different
times in the displacement process were recorded.

2.2.2. Heavy Oil Seepage Experiment. The laboratory core dis-
placement test is a direct method to determine the starting
pressure gradient by establishing a certain pressure difference
at both ends of the core and measuring the pressure differ-
ence and flow rate under the stable condition of the system.
After obtaining the seepage curve of the core, then calculate
the starting pressure gradient.

The experimental steps are as follows: O make sand
packs with different permeability, and the core parameters
are shown in Table 2; @ the experimental crude oil was
injected into the core, and different flow rates were used for
displacement and pressure difference and flow rate were
recorded, and the relationship curve of starting pressure gra-
dient with flow rate was drawn; ® mix experimental oil with
viscosity reducer by various concertation and injected into
the core; step @ was repeated.

2.2.3. Microscopic Visualization Experiment. The experimen-
tal flow experiment is shown in Figure 2. The microvisualiza-
tion experimental equipment mainly includes a microglass
etching model (the appearance size is 50 mm x 50 mm, the
pore diameter is 30-40 ym, and the permeability is about
150 mD), constant speed injection pump, and digital micro
camera system, and the experimental temperature is 76°C.
Experimental steps are as follows: @O connect the exper-
imental device according to the experimental flow chart,
and inject formation water into the microscopic glass etch-
ing model with the flow rate of 0.03mL/min, until the
water phase distribution of the model is uniform and con-
tinuous water drops appear at the outlet end; @ the exper-
imental oil was injected into the microscopic glass etching
model until the oil phase distribution in the model is
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TaBLE 1: Core data table.

Saturated water volume Total volume Porosity Permeability —Saturated oil volume Irreducible water saturation
Core number

mL mL % mD mL %
1 27.9 98.4 28 135 19.3 30.7
2 27.6 98.4 28 140 19.6 28.8
3 27.8 98.4 28 137 19.9 28.6
4 28.7 98.4 29 153 21.1 26.4
5 28.2 98.4 29 145 21.0 25.6
6 289 98.4 29 154 21.2 26.8

50 MPa 10 MPa 0.1 MPa 50 MPa 10 MPa 20 MPa 4 MPa 10 MPa

w33 LE LS

Core

50 MPa

i

Balance

Back pressure

[V
LA\l

Six-way valve

Micro pump

Hand pump Hand pump

F1GURE 1: Schematic of the coreflooding unit.

TaBLE 2: Core data table.

Saturated water volume Total volume Porosity Permeability —Saturated oil volume Irreducible water saturation
Core number

mL mL % mD mL %
27.4 98.4 28 145 19.3 29.3
25.6 98.4 26 41 18.0 29.8
28.5 98.4 29 149 19.8 30.5
10 26.6 98.4 27 42 18.5 30.4
11 28.3 98.4 29 141 20.0 29.1
12 25.6 98.4 26 10 17.9 30.1

uniform and continuous oil drops appear at the outlet end; ~ reaches 98%; ® inject viscosity reducer into the micro-
® inject formation water into the microscopic glass etching ~ scopic glass etching model until there is no oil dripping
model with saturated oil until water cut at the outlet  out at the outlet end.
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1,2-Constant speed injection pump;
3,4-Container;
5-Micro etching model;
6-Camera;
7-Computer;
8-Back pressure valve;
9-Measuring cylinder;
10-Light source
FIGURE 2: Microscopic visualization experiment flow.
3. Results

3.1. Effect of Viscosity Reducer Flooding on Oil Displacement
Efficiency. According to the model experiment of sand pack
flooding, the core oil displacement effect of waterflooding
and viscosity reducer drive is compared in Figure 3. Com-
pared with waterflooding, viscosity reducer flooding can slow
down the rising speed of water cut. When displacement vol-
ume is 1.5pv, the water cut of viscosity reducer flooding is
93% and that of waterflooding is 98.6%, and the water cut
of viscosity reducer flooding is 5.6% lower than that of water-
flooding. At the same time, the viscosity reducer can greatly
improve the oil displacement efficiency. Under the same dis-
placement (10 pv), the oil displacement efficiency of viscosity
reducer is 20.1% higher than that of waterflooding, and the
final oil displacement efficiency of waterflooding is 35.2%,
the oil displacement efficiency of viscosity reducer is 47.9%,
and the displacement efficiency is increased by 12.7%.

It can be seen from Figure 4 that injection pressure
decreased gradually because of high oil-water viscosity ratio,
the water cut reached 80% in the initial stage of waterflood-
ing, and the injection pressure was 7.3 MPa in the initial
stage. With the breakthrough of injected water, water
channeling channels are formed in the core, and the core flow
resistance decreases continuously, so the injection pressure
drops until the end of displacement. In the process of viscos-
ity reducer flooding, the oil-water viscosity ratio is reduced
due to viscosity reduction, so the initial water cut is less than
40%, and the water cut is lower than 60%. With the injection
of viscosity reducer, the injection pressure also decreases.
When the water cut reaches 80%, the injection pressure of
viscosity reducer flooding is 4.8 MPa, and the injection pres-
sure is obviously lower than that of waterflooding.

3.2. Influence of Viscosity Reducer Concentration. Slug con-
centration is an important index to evaluate the economic
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benefit of viscosity reducer. Four core displacement experi-
ments were carried out with 1.0%, 3.0%, 5.0%, and 6.0%
viscosity reducer solutions. It can be seen from Table 3 that
when the mass fraction of viscosity reducer is 1.0%, the incre-
ment of oil recovery is small, because less water-soluble vis-
cosity reducer is injected in the displacement process, and
less oil in water emulsion is generated due to the influence
of core adsorption, so the viscosity reduction effect is not
ideal; when the mass fraction of viscosity reducer is greater
than 1.0%, the oil recovery increases with the increase of its
mass fraction. Because of the increase of viscosity reducer
mass fraction, the oil in water emulsion generated by core
reaction increases, the fluidity of crude oil is stronger, the
degree of residual oil production is improved, and the heavy
oil recovery is improved.

3.3. Study on Seepage Law of Heavy Oil. It can be seen from
Figure 5 that permeability, temperature, and viscosity
reducer concentration have great influence on the flow law
of heavy oil. When the core permeability is about 145 md,
the starting pressure gradient of heavy oil at 76°C and
150°C is 0.363 and 0.020 MPa/cm, respectively. Secondly,
the pressure gradient increases with the decrease of perme-
ability. Taking 150°C as an example, the starting pressure
gradient of 145md core is 0.020 MPa/cm, and that of 50 md
is 0.028 MPa/cm. When the core permeability is 145md
and the experimental temperature is 150°C, the start-up pres-
sure gradient of extra heavy oil is 0.02027 MPa/cm; when 3%
viscosity reducer is added, the starting pressure gradient is
reduced to 0.01014 MPa/cm; when 6% viscosity reducer is
added, the starting pressure gradient is almost 0.

At the same time, when the pressure gradient is small,
there is a concave nonlinear section in the velocity pressure
gradient curve, and the viscous oil seepage is nonlinear. When
the pressure gradient reaches a certain value, it changes into a
straight line. After adding viscosity reducer, the concave non-
linear section under low-pressure gradient gradually disap-
pears, and the fluidity of heavy oil is obviously improved. In
the same core, the lower the temperature, the longer the non-
linear seepage section. A water-soluble viscosity reducer has a
good viscosity reduction effect. At the same temperature and
permeability, the higher the viscosity reducer concentration
is, the better the viscosity reduction performance is. The
smaller the pressure gradient is at the same injection rate,
the more the flow rate differential pressure curve moves to
the left, and the smaller the starting pressure of heavy oil is.
The higher the viscosity reducer concentration is, the shorter
the nonlinear section of the curve is, and the smaller the pres-
sure gradient required to reach the quasilinear flow is.

3.4. Microscopic Visualization Experiment. During the pro-
cess of waterflooding, due to the high viscosity and high flow
resistance of heavy oil, the cross-flow channel between the
injection end and the production end is formed, resulting
in uneven sweep and small sweep range. The main occur-
rence modes of residual oil are residual oil not swept, remain-
ing oil block after sweep, and residual oil film covering the
surface of sand particles. These three modes cause high resid-
ual oil saturation and low oil displacement efficiency.
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FiGure 3: Oil displacement efficiency and water cut curve of sand packs under different methods.
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F1GURE 4: The relationship between injection pressure and water cut
for waterflooding and viscosity reducer flooding.

Figure 6 shows the distribution of remaining oil under
different displacement modes. After waterflooding, the large
oil block in Figure 6(a) between pores formed a few smaller
oil droplets in Figure 6(b) after water-soluble viscosity
reducer flooding. This is mainly because the gum and asphal-
tene in the heavy oil are natural emulsifiers, which make the
crude oil easier to form w/o emulsion and difficult to flow. A
water-soluble viscosity reducer can change w/o emulsion into
o/w emulsion, and large oil drops can be changed into small
oil droplets, which makes it easier for crude oil to pass
through the pore throat. Secondly, due to the low viscosity
of continuous phase water, the friction between oil films is
changed into internal friction between water films during
the flow process, which greatly reduces the flow resistance
and fluid viscosity.

Figures 6(c) and 6(d) show that the direction of capillary
force is consistent with the displacement direction, and the
capillary force changes from resistance to power, thus displa-
cing residual oil between particles under the action of capil-
lary force. This is mainly due to the low interfacial tension
formed between water-soluble viscosity reducer and heavy
oil, which changes the contact angle of oil-water interface,
improves the interfacial properties of oil droplets, and makes
oil droplets reduce viscosity in water solubility Secondly, the
decrease of oil-water interfacial tension leads to a higher cap-
illary number. The larger the capillary number is, the lower
the residual oil saturation is, so the recovery rate of heavy
oil is improved.

The main modes of remaining oil occurrence are the
remaining oil not swept by waterflooding, the remaining oil
block in the scope of waterflooding, and the residual oil film
covered on the surface of particles. These three modes result
in high residual oil saturation and low oil displacement effi-
ciency. Compared with waterflooding, during viscosity
reducer flooding, due to the low viscosity of viscosity reducer
solution, the sweep area did not change significantly, but the
oil content in the affected area was significantly reduced and
the oil washing efficiency was significantly improved. This is
mainly because the viscosity reducer can form a stable oil in
water emulsion, reduce the crude oil viscosity, and increase
the crude oil fluidity. It is the ultralow interfacial tension
formed between viscosity reducer and heavy oil, which can
obtain higher capillary number, thus displacing residual oil
between particles under the action of capillary force, reduc-
ing residual oil saturation, thus displacing more heavy oil.

4. Numerical Simulation Study

4.1. Model Description. According to the geological structure
characteristics and fluid properties of a pilot test, the 3D
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TaBLE 3: Table of oil production performance.
Core Original oil Waterflooding Mass fraction of viscosity Viscosity reducer flooding Ultimate
number saturation recovery reducer recovery recovery
% % % % %
3 71.4 335 1.0 10.6 44.1
4 73.6 34.2 3.0 12.4 46.6
5 74.4 349 5.0 13.2 48.1
6 73.2 35.8 6.0 13.9 49.7
1.20 4 1.20 1
1.00 A 1.00 4
g g
g 0.80 - g 0.80
3 3
E g
3 0.60 - P 0.60 -
8 8
£ 040 A £ 0.40
= [
0.20 A 0.20 A
0.00 T T T T T T T T T | 0.00 +# T T T T T |
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0 0.00 0.20 0.40 0.60 0.80 1.00 1.20
Pressure gradient (MPa/cm) Pressure gradient (MPa/cm)
—e— Heavy oil —e— Heavy oil
—e— Heavy oil+3%viscosity reducer —e— Heavy oil+3%viscosity reducer
Heavy oil+6%viscosity reducer Heavy oil+6%viscosity reducer
(a) (b)
1.20 ~ 1.2
1.00 A 1 1
g g
g 0.80 - g 0.8 4
3 3
E c
P 0.60 - P 0.6 1
g 5
g 0.40 A % 0.4
= =
0.20 A1 0.2 1
0.00 - e e e . 0 o2 ———— .
0.00 0.20 0.40 0.60 0.80 1.00 1.2 0 0.2 0.4 0.6 0.8 1 1.2

Pressure gradient (MPa/cm)

—eo— Heavy oil
—e— Heavy oil+3%viscosity reducer
Heavy oil+6%viscosity reducer

(c)

Pressure gradient (MPa/cm)

—e— Heavy oil
—e— Heavy oil+3%viscosity reducer
Heavy oil+6%viscosity reducer

(d)

Ficure 5: The relationship between flow rate and pressure gradient: (a) represent core flooding with 145 mD and 150°C; (b) represent core
flooding with 40 mD and 150°C; (c) represent core flooding with 145 mD and 76°C; (d) represent core flooding with 40 mD and 76°C.

geological model shown in Figure 7 was established to pro-
vide the basis for the optimization design. The grid numbers
in I direction, J direction, and K direction of the model are
127, 63, and 5, respectively. The plane grid step size is 10 m,
and there are 5 simulation layers in the longitudinal direc-
tion, and the total number of grids is 40005. This simulation
work was done by the STARS simulator in CMG software

from the Computing Modeling Group. The rock properties
and rock relative permeability data are shown in Tables 4
and 5.

The viscosity of oil-in-water emulsion decreases nonli-
nearly with the increase of viscosity reducer solution concen-
tration. In the initial period of viscosity reducer mass
concentration, the viscosity decreases rapidly; while in the
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FIGURE 6: Remaining oil distribution under different displacement modes: (a) represent large oil block after waterflooding; (b) represent a few
smaller oil droplets after viscosity reducer flooding; (c, d) represent the direction of capillary force is consistent with the displacement
direction.
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FIGURE 7: 3D geological model of the pilot test well group.

TaBLE 4: Rock properties.
later period of mass concentration, the viscosity decreases

Rock compressibility (1/kPa) 1.4x107° slowly. If the conventional linear mixing rule is adopted,
234 %107 the changing viscosity of the viscosity reducer cannot be
accurately characterized. Therefore, the nonlinear mixing

Rock heat capacity (J/m® x °C)

.. ° 6
Rock thermal conductivity (J/(m x day x °C)) 6.6x10 rule was used into the reservoir numerical simulation soft-
Porosity (fraction) 0.34 ware. The correlation can be obtained by fitting the experi-
Average permeability (Darcy) 1.2 mental emulsion viscosity results under different viscosity

reducer concentrations.



TaBLE 5: Rock relative permeability data.

Sw Krw Kro
0.45 0 1
0.4716 0.0056 0.4793
0.4986 0.0138 0.3567
0.5256 0.0225 0.2488
0.5526 0.0322 0.1874
0.5796 0.044 0.1264
0.6066 0.0591 0.067
0.6336 0.0731 0.0318
0.6606 0.0919 0.0175
0.6876 0.1157 0.0063
0.7038 0.1325 0.0015
0.72 0.15 0

Mees Mees

In (Auoc) = f(fa) X ln((’loci) + N x Zfoc,- X ln(!’lai)’

i=1 i=1

(1)

where N is the viscosity of water phase or oil phase, ¢, is
the viscosity of component i in water or oil, f ; is the weight-
ing factor of nonkey component i in water or oil, f(f ;) is the
weighting factor of key component i in water or oil, n, € s is
the number of key components in liquid, 7, ¢ s is the number
of components excluding key components, and N is the
normalization factor.

By fitting the experimental results under different viscos-
ity reducer concentrations, the nonlinear mixing rule is used
to fit the oil-water viscosity after mixing, and the variation
law of crude oil viscosity with viscosity reducer concentration
is obtained [26]. The correlation was obtained by fitting the
experimental emulsion viscosity results under different vis-
cosity reducer concentrations. The fitting results are shown
in Figure 8.

The influence of ultralow interfacial tension on capillary
number, the adsorption of viscosity reducer, and the end
point calibration of residual oil are considered in the numer-
ical model. Finally, the numerical simulation of viscosity
reducer flooding is realized. Three independent components
of water, viscosity reducer, and crude oil are established in
the fluid model, including water and viscosity reducer in
the water phase. The nonlinear function of viscosity reducer
component, reduction of residual oil saturation, and phase
permeability curve interpolation are considered in the com-
position setting.

4.2. Optimization of Development Scheme. Based on labora-
tory viscosity reduction experiment fitting and pilot produc-
tion history fitting, the development technology limit
optimization of viscosity reduction flooding was carried
out. The development index selected in the study is the net
oil production of a single well after 5 years of simulated pro-
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F1cure 8: Crude oil viscosity change fitting curve.

duction, and the net oil production is calculated by the
following equation:

Cin'
NetOil ,, = Oil ,,, — —2, (2)

oil

where NetOil
well, Oil

the cost of viscosity reducer, and p,; is the oil price.

cum 18 the net cumulative oil production per
is the cumulative oil production per well, C;, is

4.2.1. Injection Concentration Optimization. Under the con-
dition of keeping the injection volume of water-soluble vis-
cosity reducer solution at 50t/d, the development effect of
water-soluble viscosity reducer with mass concentration of
1%, 2%, 3%, 4%, and 5% was compared by numerical simula-
tion. It can be seen from Figure 9 that the net oil production
of a single well increases first and then decreases with the
increase of injection concentration. This is because the higher
the concentration of water-soluble viscosity reducer is, the
more oil in water emulsion can be formed in the reservoir,
the lower the viscosity of crude oil, and the stronger the flu-
idity. However, increasing the amount of water-soluble vis-
cosity reducer will increase the investment cost and reduce
the net oil production of a single well. Therefore, the optimal
injection concentration is 3%.

4.2.2. Injection Volume Optimization. Under the condition of
keeping the injection mass concentration of a water-soluble
viscosity reducer at 3%, the net oil production of a single well
with water-soluble viscosity reducer solution injection vol-
ume of 20, 30, 40, 50, 60, and 70t/d is simulated. It can be
seen from Figure 10 that the net oil production of a single
well gradually increases with the increase of water-soluble
viscosity reducer solution injection. When the injection
amount exceeds 50 t/d, the net oil production of a single well
increases slowly. Considering the field injection capacity, the
optimal injection volume of water-soluble viscosity reducer
solution is 50 t/d.
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FIGURE 9: Relationship between net oil cumulative production and viscosity reducer concentration for a single well.
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FIGURE 11: Production curves in the W152-X6 pilot test.
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5. Field Application

The pilot test area of the W152-X6 well group is in Wang 152
block. The buried depth of the reservoir is 1530 m, the forma-
tion temperature is 76°C, the original reservoir pressure is
15.18 MPa, the average permeability is 137 mD, the average
porosity is 27.4%, and the shale content is 9.7%. The surface
crude oil density is 0.9689 g/cm”, and the surface degassed oil
viscosity is 16840 mPa-s at 50°C, its freezing point is 32°C,
and the high gum content is 40.08%. The total salinity of for-
mation water is 30432 mg/L, of which the chloride ion con-
tent is 18083 mg/L. Low formation permeability and high
viscosity of crude oil under formation conditions lead to
lower crude oil mobility and more difficult development.

Since 2003, the block has been developed mainly by
steam stimulation, fracturing, and sand control, but the
development effect is not good, and the recovery rate is only
0.8%. At present, the daily liquid production of a single well
in the well group is only 5.3 t/d, the daily oil production of
a single well is only 1.8t/d, and the water cut is 67.1%. The
development performance of the block is poor, so it is neces-
sary to transform the economic and reasonable development
mode to realize benefit development.

The W152-X6 well group in Wang 153 block is selected
as the pilot test area to carry out the pilot test of viscosity
reducer flooding for deep low permeability heavy oil reser-
voir, including 1 injection well and 3 oil producers. Accord-
ing to the production effect curve in Figure 11, after
viscosity reducer flooding on April 3, 2020, the daily oil
production in the test area increased from 1.8t/d before to
7.34t/d, increased by 4.1 times, the maximum increased to
7.8t/d, and the daily liquid production increased by
14.7t/d, 2.8 times, and the highest can reach 17.7t/d from
5.3t/d before; the injection pressure of water well increases
from 6 MPa to 15 MPa and keeps stable, which indicates that
the viscosity of crude oil is reduced and the starting pressure
gradient of crude oil is reduced after viscosity reducer flood-
ing. The problem of low injection capacity of deep low
permeability heavy oil is solved, and the heavy oil fluidity is
increased; the seepage resistance is reduced, and the produc-
tion effect is obviously improved.

6. Conclusions

(1) Compared with waterflooding, the oil displacement
efficiency can be increased by 4.6% after water-
soluble viscosity reducer flooding

(2) A water-soluble viscosity reducer can effectively
reduce the viscosity of heavy oil. Under the same
temperature and permeability conditions, the higher
the viscosity reducer concentration, the better the
viscosity reduction performance

(3) The main mechanism of a water-soluble viscosity
reducer to enhance oil recovery is to form stable oil
in water emulsion, reduce crude oil viscosity, and
increase crude oil fluidity by ultralow interfacial ten-
sion formed between water-soluble viscosity reducer
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and heavy oil, which can obtain high capillary num-
ber and reduce residual oil saturation

(4) Using the nonlinear mixing rule, the characterization
method of crude oil viscosity with the concentration
of water-soluble viscosity reducer was obtained. By
using the numerical simulation method, the injection
concentration of a water-soluble viscosity reducer
was 3%, and the injection volume was 50 t/d

(5) The field test shows that the daily oil production
increases from 0.2 t/d before the measures to 4.4t/d,
and the water cut decreases by 29.2% by water-
soluble viscosity reducer flooding
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