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Viscosity reducer flooding has been successfully applied in tertiary oil recovery of ordinary heavy oil reservoirs. However, lowering
interfacial tension or reducing oil viscosity, which is more critical for viscosity reducer to improve oil recovery of ordinary heavy
oil, has not yet formed a unified understanding, which restricts the further large-scale application of viscosity reducer flooding for
ordinary heavy oil reservoir. Moreover, when the dominant water flow channel is formed in the reservoir, the sweep efficiency
decreases sharply and can affect oil recovery efficiency of viscosity reducer. Therefore, in this study, the concept of branched-
preformed particle gel (B-PPG) coupling viscosity reducer flooding is proposed. The oil-water interfacial tension performance,
emulsification ability, and viscosity reduction performance of three different viscosity reducers were evaluated. The enhanced
oil recovery ability of viscosity reducers, B-PPG, and viscosity reducer/B-PPG composite systems was investigated by
performing sand pack flooding experiments. The results show that the oil-water interfacial tensions of the three viscosity
reducers S1, S2, and S3 are 0.432mN-m’}, 0.0112mN-m™}, and 0.0031 mN-m™}, respectively. SI with the highest interfacial
tension has the best emulsification and viscosity reduction performance, S2 is the second, and S3 is the worst. The lower the
interfacial tension, the worse the emulsification stability. The sand pack flooding results show that the incremental oil recovery
of viscosity reducer S2 flooding is the largest, 7.5%, followed by S1, 7.3%, and S3, 5.6%. The viscosity reducer S2 with moderate
interfacial tension and emulsifying capacity has the best ability to improve the recovery of ordinary heavy oil. The incremental
oil recovery of B-PPG is 12.7%, which is significantly higher than that of viscosity reducer flooding. Compared with viscosity
reducing flooding, the viscosity reducer/B-PPG composite systems have better enhanced oil recovery capacity. The findings of
this study can help for better understanding of enhancing oil recovery for ordinary heavy oil reservoir.

1. Introduction

With the continuous development of petroleum industry,
the proportion of heavy oil in the world’s remaining oil
resources is increasing. Heavy oil exploitation has a signifi-
cant impact on the pattern of world oil production. How-
ever, heavy oil has the characteristics of high colloid and
asphaltene content, high viscosity and density, and poor flow
capacity, resulting in great difficulty and high production
cost of recovering heavy oil [1-4]. For ordinary heavy oil
reservoirs, due to adverse mobility ratio between water and
oil, the fingering effect occurs and the oil recovery efficiency

of conventional water flooding is low. To improve oil recov-
ery efficiency of heavy oil reservoirs, thermal oil recovery
technologies including steam huff and puff, steam flooding,
and steam-assisted gravity drainage (SAGD) have been
applied. The thermal oil recovery methods focus on reducing
the viscosity of heavy oil by destroying the supramolecular
structure between colloid and asphaltene in heavy oil and
reducing the water-oil mobility ratio, which enlarges the
sweep efficiency and improves oil recovery [5-11]. However,
due to high consumption of energy and water to generate
steam and severe heat loss, the thermal methods are eco-
nomically nonprofitable for the deep and thin heavy oil
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reservoirs [12-15]. Therefore, it is of great significance to
change the development mode of ordinary heavy oil and
achieve highly efficient development of ordinary heavy oil
reservoir.

The nonthermal oil recovery technology, especially
chemical flooding technology, has attracted more and more
attention because of its wide reservoir application range
and low economic cost, which has been successfully applied
in many heavy oil reservoirs [16-23]. Viscosity reducing
production is one of the most commonly used methods for
recovering heavy oil in ordinary heavy oil reservoir. The
main enhanced oil recovery (EOR) mechanisms for viscosity
reducing production can be mainly divided into two aspects:
On the one hand, through the emulsification of viscosity
reducer under certain external force conditions, the heavy
oil is dispersed into formation water and forms relatively
stable O/W emulsion, which can greatly reduce the viscosity
of heavy oil and improve its fluidity in porous media. On the
other hand, it can effectively reduce the adhesion work by
reducing the interfacial tension between oil and water, so
as to reduce the flow resistance of crude oil and improve
the oil displacement efficiency [24-26]. However, the two
different EOR mechanisms including emulsifying viscosity
reduction and lower oil-water interfacial tension, which is
more critical for viscosity reducer to improve oil recovery
of ordinary heavy oil, have not yet formed a unified under-
standing. Some researchers believe that the interfacial ten-
sion is the primary index to determine the performance of
viscosity reducer. Lower interfacial tension can effectively
reduce the residual oil saturation [27-30]. Some researchers
also believe that the mechanism of emulsification and viscos-
ity reduction is the key to greatly improve the recovery of
ordinary heavy oil. The viscosity reducer with better emulsi-
fication ability and viscosity reduction performance has bet-
ter EOR effect [31-33].

In addition, due to the high viscosity of heavy oil and
water-oil mobility ratio, the viscosity reducer flooding is
not satisfied. In order to reduce this deficiency, researchers
have proposed combined flooding systems such as viscosity
reducer/polymer or viscosity reducer/alkali [34-38]. Poly-
mer can increase the viscosity of injection water and reduce
water-oil mobility ratio and thus expand sweep volume. The
alkali can react with crude oil to form in situ surfactant,
which can promote the formation of O/W emulsion and
reduce the viscosity. The formation of in situ surfactant
can reduce oil-water interfacial tension and improve oil dis-
placement efficiency. Alkali-containing systems often have
serious scaling problems, which restricts the development
of alkali/surfactant binary flooding [39-43]. The range of
crude oil viscosity used in the conventional viscosity
reducer/polymer combined system is limited, resulting in
low recovery and unable to realize the efficient development
of the conventional heavy oil reservoir. Moreover, when the
dominant water flow channel is formed in the reservoir, the
sweep efficiency decreases sharply and can affect the
enhanced oil recovery ability.

Therefore, to improve the sweep efficiency, the
branched-preformed particle gel (B-PPG) was developed
by Shengli Oilfield, which has unique “partial crosslinking
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TaBLE 1: The ionic composition and concentration of formation
brine.

Mg** cr
Concentration (mg-L’l) 3667 292 65 6583

R L. 2
Ionic composition Na* Ca™"

and partial branching” molecular structures. The B-PPG
has viscoelastic properties, which can plug the dominant
water flow channel, change the subsequent flow direction,
and enlarge the swept volume. The B-PPG can have better
sweep efficiency improvement ability than polymer solution
[44-52]. Thus, in this study, the concept of branched-
preformed particle gel (B-PPG) coupling viscosity reducer
flooding is proposed firstly. To determine which mechanism
dominates for viscosity reducer flooding and clarify EOR
efficiency by coupling B-PPG and viscosity reducer, a series
of experiments including physicochemical property evalua-
tion of viscosity reducer and sand pack flooding experiments
was systematically conducted in this study. Firstly, three dif-
ferent viscosity reducers with different interfacial tension
and emulsification ability were collected. Then, the oil-
water interfacial tension performance, emulsification perfor-
mance, and viscosity reduction performance were studied.
Finally, a series of sand pack flooding experiments was per-
formed to investigate the EOR ability of three different vis-
cosity reducers, B-PPG, and viscosity reducer/B-PPG
composite systems. In general, we hope that this study can
clarify the contribution of interfacial tension performance
and emulsification performance of viscosity reducer to
enhance oil recovery of common heavy oil and provide a
new idea for enhancing oil recovery of common heavy oil.

2. Materials and Methods

2.1. Materials. The viscosity reducers used in this study were
nonionic surfactants (S1, S2, and S3) provided by Yangzhou
Runda Co., Ltd. The B-PPG used in this study was the
branched-preformed particle gel provided by Shengli Oil-
field. The elastic modulus and median particle size (D50)
of B-PPG were 4.3 Pa and 506.5 ym, respectively.

At 70°C, the density and viscosity of heavy oil obtained
from Shengli Oilfield are 0.982g:cm™ and 2570 mPa:s,
respectively. The ionic composition and concentration of
simulated formation brine with TDS of 10607 mg-L™" are
listed in Table 1.

2.2. Methods

2.2.1. Oil-Water Interfacial Tension Measurement. The oil-
water interfacial tension between three different viscosity
reducers and degassed heavy oil in chen25 block of Shengli
Oilfield was measured by spinning drop method on Texas-
500c interface tension meter. The measured temperature
was 70°C, and the rotating speed was 5000 r-min .

2.2.2. Emulsification Stability Evaluation. Emulsification sta-
bility is one of the important indexes to evaluate the perfor-
mance of viscosity reducers. The emulsification stability is
often determined by the water separating proportion refer-
ring to the percentage of the volume of water separated from
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FIGURE 1: The schematic diagram of sand pack flooding experimental apparatus.

the emulsion. It is a commonly used quantitative evaluation
index to evaluate the emulsification stability of viscosity
reducers. The higher the water separating proportion, the
worse the emulsification stability of viscosity reducer. The
experimental procedures of emulsification stability evalua-
tion were as follows: (1) The prepared viscosity reducer with
concentration of 3000 mg-L™" and heavy oil were placed in a
70°C oven for 2.0h. (2) Then, according to the oil-water
ratio of 3:7, the heavy oil and viscosity reducer solution
were stirred with a homogenizer for 3 min at the speed of
3000 r-min™ to form O/W emulsion. (3) The formed emul-
sion was placed in the 10 mL plugged test tube at 70°C con-
stant temperature water bath and started timing at the same
time. The position of oil-water interface and the volume of
separated water in the test tube were recorded at regular
intervals, and the water separating proportion of emulsion
at different times was calculated according to the following
equation:

, (1)

where f, is the water separating proportion (%), V, is the
water separating volume (mL), and V,, is the initial water
volume (mL).

2.2.3. The Viscosity Reduction Ability Evaluation. Different
viscosity reducer (S1, S2, and S3) solutions with concentra-
tion of 3000 mg-L"" were prepared by simulated formation
brine. Then, according to the oil-water ratio of 3:7, the pre-
determined amount of surfactant and heavy oil was stirred
with a homogenizer for 3min at different speeds of
500 r-min’!, 1000 r-min™', and 3000 r-min’ to form emul-
sion. At 70°C, the viscosity of formed emulsion was mea-
sured by Brookfield DV-II viscometer, and the viscosity
reduction rate of heavy oil emulsification at this time was
calculated according to the following equation:

Ho—
f2=0_,

Ho ®

where f, is the viscosity reduction rate (%), 4, is the viscosity

TaBLE 2: The porosity and permeability of sand packs used for
flooding experiments.

Permeability Porosity

No. Chemical slug (ﬂmz) (%)
1# 3000 mg-L™" S1 1.1 422
2# 3000 mg-L" S2 1.1 414
3# 3000 mg-L™" S3 1.0 40.8
4# 800 mg-L"' B-PPG 1.0 40.8
54 3000 mgL™"' S1+800 mgL"' B-PPG 1.0 40.8
6# 3000 mg-L" S2+800 mg-L™' B-PPG 1.0 414
7# 3000 mg-L" $3+800 mg-L ' B-PPG 0.9 40.8

of heavy oil (mPa-s), and y is the viscosity of formed emul-
sion (mPa-s).

2.2.4. The Morphology of Formed Emulsion Observation. To
grasp a better understanding on the mechanism of surfac-
tant emulsification and viscosity reduction, the morphology
of formed emulsion at different rotating speeds was studied
by optical microscope. The Axioskop 40 microscope (Carl
Zeiss) enables us to analyze samples placed between slide
and cover glass under ordinary light and polarized light.

The experimental procedures were as follows: (1) The
viscosity reducer solution and crude oil were placed in an
incubator water bath at 70°C for 3h. (2) Then, heavy oil
and viscosity reducer solution was mixed evenly according
to the oil-water ratio of 3:7 and emulsified it with a disper-
sion homogenizer at different speeds of 500 r/min, 1000 r/
min, and 3000 r/min for 3 min. In the emulsification process,
the beaker was placed in a 70°C constant temperature water
bath. (3) The formed emulsion was placed on the glass slide,
and the morphology of the emulsion was observed by
microscope.

2.2.5. Sand Pack Flooding Experiment. In order to investigate
the EOR ability of three different viscosity reducers, B-PPG
and coupling B-PPG, and viscosity reducers, a series of sand
pack flooding experiments was carried out. Figure 1 depicts
the schematic diagram of sand pack flooding oil
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FIGURE 2: IFT between different viscosity reducers and heavy oil.
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FIGURE 3: The water separating proportion of different viscosity reducers versus time.

experimental apparatus. The flooding experiments were car-
ried out at 70°C and atmospheric pressure. The experimental
processes were as follows: (1) sand pack preparation and the
measurement of permeability: the sand pack was filled with
120~140 mesh quartz sand by wet packing method, and
the liquid permeability was measured at the water flooding
rate of 1.0mL/min; (2) crude oil saturation period: the
wet-packed sand pack was flooded with crude oil at the rate
of 0.1 mL/min until complete oil production at 80°C. Then,
the sand pack was sealed and put in the oven at 70°C for
aging for 48h after saturated oil; (3) water flooding and

chemical flooding period: the initial water flooding was con-
ducted until the water cut reached 95% at the flooding rate
of 0.3 mL/min. Then, 0.4 PV different chemical slugs were
injected into the sand packs; (4) subsequent water flooding
period: the subsequent water flooding was conducted until
the water cut reached 98%. Then, the flooding experiments
were terminated. The injection pressure and volume of pro-
duced water and oil were recorded at different flooding
periods. Table 2 shows the porosity and permeability prop-
erties of sand packs used for flooding experiments.
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TaBLE 3: Viscosity reduction rate of three viscosity reducers at different shear rates at 70°C.

Chemical slug Oil-water volume ratio S(};i?;;i;e Crude(;l}l);lss)coswy EmUIS(II?:Ii::)COSItY Vlscoi:t}; r(i;j;l ction
S1 3:7 500 2570 272 89.4
S1 3:7 1000 2570 187 92.7
S1 3:7 3000 2570 46 98.2
S2 3:7 500 2570 421 87.6
S2 3:7 1000 2570 241 90.6
S2 3:7 3000 2570 127 95.1
S3 3:7 500 2570 / /
S3 3:7 1000 2570 1110 56.8
S3 3:7 3000 2570 318 83.6
3. Results and Discussion -
3.1. Performance Evaluation of Viscosity Reducer 89.4 g7 6
3.1.1. Oil-Water Interfacial Tension Property. Viscosity S 80+
reducer can play a role in reducing interfacial tension T
between water and oil. Lower interfacial tension can effec- E
tively reduce the adhesion work and capillary force, which 2 607
can reduce the crude oil flow resistance and improve the 5
oil displacement efficiency. Therefore, it is very important =
to study the interfacial tension between viscosity reducer 'z 407
and heavy oil. Texas-500c interfacial tension meter was used E
to measure the oil-water interfacial tension between three
different viscosity reducers and degassed heavy oil in chen25 207
block of Shengli Oilfield by spinning drop method. The con-
centration of S1, S2, and S3 is 3000 mg-L'l, respectively. The 0
measurement results are shown in Figure 2. The equilibrium 500r-min-! 1000rmin-!  3000r-min-!
interfacial tension between viscosity reducer S1 and heavy
oil is the largest, 0.432mN-m™; S2 is the second, C st
0.0112mN-m'; and S3 is the lowest, 0.0031 mN-m™. 52

B s3

3.1.2. The Emulsification Stability Evaluation. The key to
heavy oil recovery is to improve the water-oil mobility ratio
and improve the flow capacity of heavy oil in porous media.
Viscosity reducer can disperse heavy oil in formation water
to form O/W emulsion and effectively reduce the viscosity of
crude oil. The stability of formed O/W emulsion can influence
the viscosity reducing effect. The emulsification stability of a
viscosity reducer is determined by the water separating pro-
portion. The water separating proportion versus time of differ-
ent viscosity reducers is depicted in Figure 3.

For three viscosity reducers SI (10'mN-m™), S2
(10?mN-m™), and $3 (10> mN-m") with different magni-
tudes of interfacial tension, the water separating propor-
tion increases until it is stable with the increase of time.
The higher the water separating proportion is, the worse
the stability of the emulsion is. For viscosity reducer S3,
the water separating proportion exceeded 90% within 5
minutes, indicating that the stability of the emulsion is
very poor, while the water separating proportion of S1
and S2 is significantly lower than that of S3, which has
good stability. Moreover, the emulsifying stability of S1 is
better than that of S2. The lower the interfacial tension is,
the worse the emulsification stability is.

FIGURE 4: Viscosity reduction rate of three viscosity reducers at
different shear rates at 70°C.

3.1.3. The Viscosity Reducing Ability Evaluation. Heavy oil is
a typical non-Newtonian fluid; its viscosity is greatly affected
by shear rate. Therefore, the viscosity reduction performance
of the three viscosity reducers at different stirring speeds
(500 r-min ', 1000 r-min”, and 3000 r-min™") was evaluated.
Table 3 and Figure 4 describe the viscosity reduction rates
of the three viscosity reducers S1, S2, and S3 at different stir-
ring speeds. The concentration of SI, S2, and S3 is
3000 mg-L", respectively.

When the stirring speed is 500 r-min "', the emulsification
stability of S3 emulsion is poor, and its viscosity reduction
rate cannot be measured. When the viscosity reducer is con-
stant, the viscosity reduction rate increases with the increase
of stirring speed. When the stirring speed is constant, the
viscosity reduction rates of S1 and S2 are significantly higher
than that of S3. In general, the viscosity reduction rates of S1
and S2 at different stirring speeds are greater than 80%,
while the viscosity reduction rate of S3 is more affected by
the stirring speed.
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TaBLE 4: The incremental oil recovery results of viscosity reducer flooding at different flooding stages.

No. Chemical slug Water flooding recovery (%) Chemical flooding recovery (%) Incremental oil recovery (%)
1# S1 40.6 47.9 7.3

24 S2 40.3 47.8 7.5

3% S3 39.1 44.7 5.6

3.1.4. The Morphology of Formed Emulsion Observation. The 60

morphology of formed emulsion at different rotating speeds

was studied by optical microscope. The microscopic images 50 . 9 s

of emulsions formed by three viscosity reducers with differ-
ent interfacial tensions are shown in Figure 5.

When the oil-water ratio is 3:7, 3000mg-L™" viscosity
reducer S1 or S2 and heavy oil can form stable O/W emul-
sion under the conditions of 500 r-min™*, 1000 r-min", and
3000r-min', and the oil droplet size in the emulsion
decreases with the increase of shear rate. Under the same
shear rate, the oil droplet size in S1 emulsion is larger than
that in S2. It shows that the emulsification and viscosity
reduction performance of viscosity reducer S1 is better than
S2, which is also consistent with the measurement results of
the viscosity reduction rate in Section 3.1.2.

However, after fully mixing S3 and heavy oil at low shear
rate, the morphology still showed oil block, oil mass, and oil-
water separation. Until the shear rate reached 3000 r-min’,
oil droplets can be observed in S3 emulsion, but the surface
is still wrapped by an oil film, indicating that S3 has poor
emulsifying ability and cannot make heavy oil reach a better
emulsifying state.

Overall, the size of emulsion droplets varies significantly
with the increase of stirring speed, and the size decreases
with the increase of stirring speed. From the observation
results, except S3, both S1 and S2 can form stable O/W
emulsion, and the size of S2 is larger than S1, indicating that
the emulsifying performance of S1 is better than S2 and S3,
which is consistent with the evaluation results in Section
3.1.2. With the increase of stirring speed, the size decreases
significantly and the number of small droplets increases, so
that the dispersed phase is more evenly dispersed in the con-
tinuous phase. Therefore, compared with the viscosity of
crude oil, the apparent viscosity of emulsion decreases
sharply. The droplet size and dispersion effect of S1 and S2
emulsion are obviously better than that of S3, and the viscos-
ity reduction effect of S3 is also the worst, which is consistent
with the evaluation results of viscosity reduction rate in Sec-
tion 3.1.3.

3.2. Enhanced Oil Recovery Ability

3.2.1. Analysis of Experimental Results of Viscosity Reducer
Flooding. In order to study the ability of viscosity reducers
with different interfacial tensions to improve the recovery
of common heavy oil, a series of sand pack flooding experi-
ments was carried out. The flooding curves of S1, S2, and S3
viscosity reducers are shown in Figure 6. The changes of
injection pressure, water cut, and recovery with injection
pore volume during viscosity reducer flooding with different
interfacial tensions were analyzed.

Recovery ratio (%)

S1 S2 S3

Il Water flooding recovery

I Total recovery
I Incremental oil recovery

FiGurg 7: The incremental oil recovery results of viscosity reducer
flooding at different flooding stages.

The flooding process is mainly divided into three stages:
early water flooding stage, different chemical agent flooding
stage, and subsequent water flooding stage. As shown in
Figure 6, during the water flooding development stage, with
the increase of injection pore volume, the injection pressure
increases firstly and then decreases rapidly until it is stable
after reaching the breakthrough pressure. The maximum
pressure is in the range of 0.79 and 0.83 MPa, and the stable
pressure of water flooding is in the range of 0.04~0.07 MPa.
Moreover, with the increase of injected pore volume, the
growth rate of water cut is fast in the early stage and slow
in the later stage. When the injected pore volume is about
1.35 PV, the water cut reached 95%. The water flooding
recovery is about 40%.

At the chemical flooding and subsequent water flooding
stages, during the injection of three viscosity reducers with
different interfacial tensions and subsequent water flooding,
the injection pressure does not rise and decrease slowly until
stable, and there is no decline funnel in the water cut curve.
The final pressures of viscosity reducer flooding with differ-
ent interfacial tensions of S1, S2, and S3 are 0.02 MPa,
0.03 MPa, and 0.04 MPa, respectively. In the process of vis-
cosity reducer flooding, the pressure of S3 is slightly higher
than that of S2 and S1, because S3 has the worst viscosity
reduction performance and emulsification stability and the
weakest ability to improve water-oil mobility ratio, so the
flow resistance is also the largest in the flow process.



100 : : = 1.0
Matfanstaaand -t
e
9
= —
5] <
o) a
g 2
z g
2 3]
3 &
&
3
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
Injected pore volume (PV)
—a— Water out
—=— Oil recovery
—=— Pressure
()
100 1.0
A; AA : AA“/A—
AAAAL UadT AL 6#
AA“ I LAY
A
80 -:\ A | Y - 0.8
< LW l l w
2 /A | S2+ -
5 60 4 'B-PPG| 0.6 &
% A : ‘ 0000000 E
2 I I ° o® o
5y l | o 5
= | 00009 71
2 40 - peeeee® 04 8
Q 0® 1 1 Ay
& .\ _... I I
= £ 1e® S
20 - /.,o"\" o - 0.2
1
» H-l.l- [ .,llh-“..‘
ll..-"l' | LLLTTTT B =
0 T T : T : T T 0'0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Injected pore volume (PV)

—a— Water out
—eo— Oil recovery
—m— Pressure

(c)

Geofluids
100 : : —r 1.0
AAAA AA\A\AAA a A‘A“‘\ . AAA—
I I A A’A 5#
1 1 ‘AA /
= \ \ A - 0.8
g L w
3 S -
b 'B-PPG! F06 &
< 1 —@—0) =
S ! ! ...... )
>:; | | ® ;
g pooseeePe’ L04 £
9] 0000® I &
o o® I I [-»
1 I I
—_— | |
5 I I
. : : .'. - 0.2
[ w |
"a “ua
/ -lHl‘#Ill'.':. ety .
0 T T : T : T T T 0'0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Injected pore volume (PV)
—a— Water out
—o— Oil recovery
—a— Pressure
(b)
100 ‘ : —r 10
AdAAL \‘\ AMA\ M_A—A
ah A A X 7#
L] A‘AA | | \AA/
~ 801 asaat l l L 0.8
g L W 1 1 w
5 A 1S3+ | =
z 60 f / 'B-PPG| o6 &
§ r_b“ oo""'_.—._.4 >
5 40 .-:o'“'":.“. ] 0.4 ;
> B 00 - 0.
c 7 el £
o o0 I I
= S
© 204 [ L - 02
1 1
1 |
o) — J .'._--"\l—l—l
0 T T : T : T T T 0'0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Injected pore volume (PV)

—a— Water out
—e— Oil recovery
—a— Pressure

(d)

F1GURE 8: The oil recovery, water cut, and injection pressure versus pore volume: (a) B-PPG flooding; (b) S1/B-PPG flooding; (c) S2/B-PPG

flooding; (d) S3/B-PPG flooding.

In order to further compare the EOR efficiency of three
viscosity reducers with different interfacial tension, the
incremental oil recovery of viscosity reducer flooding is ana-
lyzed, as shown in Table 4. The histogram of incremental oil
recovery is drawn as shown in Figure 7. The incremental oil
recovery of viscosity reducer S2 flooding is the largest, 7.5%,
followed by S1, 7.3%, and S3, 5.6%. The results show that
viscosity reducer S2 has the best ability to improve the
recovery of common heavy oil. Viscosity reducer S2 not only
has low interfacial tension and can effectively reduce adhe-
sion work and improve oil displacement efficiency but also
has good emulsification and viscosity reduction ability, can
improve oil-water flow rate, and can enhance oil recovery.

3.2.2. Analysis of Experimental Results of B-PPG Flooding
and Viscosity Reducer/B-PPG Composite Flooding. In the
process of viscosity reducer flooding, water channeling is
easy to occur, and most of the injected fluid flows out along
the dominant channel, so the ability to improve the water-oil
mobility ratio is limited. Therefore, the ability to improve
the recovery of ordinary heavy oil for viscosity reducer
flooding with different interfacial tensions is limited. In
order to further compare the ability of three different
interfacial tension viscosity reducers to enhance the recov-
ery of ordinary heavy oil, a series of B-PPG flooding and
viscosity reducer/B-PPG composite flooding experiments
was carried out.
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TaBLE 5: The incremental oil recovery results of flooding at different flooding stages.

No. Chemical slug Water flooding recovery (%) Chemical flooding recovery (%) Incremental oil recovery (%)
4# B-PPG 38.8 51.5 12.7
5# S1+B-PPG 39.2 54.9 15.7
6# S2+B-PPG 40.9 57.1 16.2
7# S3+B-PPG 40.7 54.8 14.1
Figure 8(a) is the B-PPG flooding curve. Figures 8(b)- 70 -
8(d) are the flooding curves of viscosity reducer with differ-
ent interfacial tensions and B-PPG composite system. The 60 - 510 571 sis

flooding process is also divided into three parts. In the early
stage of water injection development, the flooding curves are
not significantly different. However, in the chemical flooding
and subsequent water flooding stages, after injecting B-PPG
or composite system, the injection pressure firstly increases
and then decreases and finally tends to be stable. The water
cut curve shows a downward funnel phenomenon, and the
decline range of water cut curve of viscosity reducer/B-
PPG composite flooding is more obvious. The reasons for
this difference are as follows: In the process of viscosity
reducer flooding, the viscosity reducer can enter along the
dominant seepage channel formed by water flooding, and
the injection pressure does not rise. Moreover, the viscosity
reducer can peel off the remaining oil contacted after water
flooding and reduce the seepage resistance, resulting in the
slow reduction to stability of the injection pressure. In the
process of B-PPG flooding or composite flooding, B-PPG
will block the dominant seepage channel formed by water
flooding. With the continuous injection of B-PPG and com-
posite system, the injection pressure increases slowly. When
the pressure rises to a certain extent, B-PPG will break or
deform, and the subsequent pressure will decrease.

Moreover, during the subsequent water flooding stage,
the peak pressure of the composite system is between 0.10
and 0.15 MPa, which is less than 0.21 MPa of the B-PPG
flooding system. The reasons for this difference are that the
emulsification and viscosity reduction performance of the
viscosity reducer can reduce the flow resistance of heavy
oil and reduce the pressure.

Table 5 and Figure 9 depict the incremental oil recovery
of B-PPG flooding or viscosity reducer/B-PPG composite
flooding at different stages. As shown in the figure, during
the chemical flooding stage, the incremental oil recovery of
B-PPG is 12.7%, while that of composite flooding is between
14.1 and 16.2%.

Compared with viscosity reducer flooding, B-PPG flood-
ing has better EOR efficiency. In the process of viscosity
reducer flooding, water channeling is easy to occur, most
of the injected fluid flows out along the dominant channel,
and the ability to improve the water-oil mobility ratio is lim-
ited. B-PPG can increase the viscosity of injection fluid and
improve the water-oil mobility ratio. It can block the domi-
nant seepage channel generated in the process of water
flooding and expand the swept volume. The results show
that the effect of improving water-oil mobility ratio and
increasing sweep volume is greater than that of emulsifica-
tion, viscosity reduction, and oil displacement efficiency.

Recovery ratio (%)

B-PPG

S1/B-PPG S2/B-PPG S3/B-PPG

Il Water flooding recovery

[ Total recovery
[ Incremental oil recovery

FiIGURe 9: The incremental oil recovery results of flooding at
different flooding stages.

Whether it is viscosity reducer flooding or viscosity
reducer/B-PPG composite flooding, the ability of emulsion
oriented S1 to improve the recovery of ordinary heavy oil
is significantly better than that of low interfacial tension vis-
cosity reducer S3, indicating that the mechanism of emul-
sion viscosity reduction and displacement is more critical
than low interfacial tension for recovering ordinary heavy
oil reservoir. The incremental oil recovery of S2 is higher
than that of emulsified viscosity reducer S1, which shows
that the viscosity reducer with low interfacial tension has
better EOR effect when the emulsifying capacity and viscos-
ity reducing performance are similar.

4. Conclusions

In this study, a series of experiments including physico-
chemical property evaluation of viscosity reducer and B-
PPG and sand pack flooding experiments was systematically
conducted to investigate the EOR ability of three different
viscosity reducers, B-PPG, and viscosity reducer/B-PPG
composite systems. Some main conclusions can be drawn
as follows:

(1) The oil-water interfacial tensions of the three viscos-
ity reducers S1, S2, and S3 are 0.432mN-m’,
0.0112mN-m™", and 0.0031 mN-m', respectively. S1
with the highest interfacial tension has the best
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emulsification and viscosity reduction performance,
S2 is the second, and S3 is the worst. The lower the
interfacial tension, the worse the emulsification sta-
bility and the worse the viscosity reduction
performance

(2) S2 with moderate interfacial tension and emulsifying
capacity has the best EOR efficiency, followed by S1
with the highest interfacial tension and the best
emulsifying performance and the recovery incre-
ment of S3 with the lowest interfacial tension, and
the worst emulsification performance is the smallest.
The emulsion viscosity reduction is more important
than lowering interfacial tension for viscosity
reducer to improve oil recovery of ordinary heavy oil

(3) The incremental oil recovery of B-PPG is 12.7%,
which is significantly higher than that of viscosity
reducer flooding. Compared with viscosity reducer
flooding, the viscosity reducer/B-PPG composite
systems have better EOR capacity. For enhancing
oil recovery of ordinary heavy oil reservoir, the effect
of improving water-oil mobility ratio and increasing
sweep volume is greater than that of emulsification,
viscosity reduction, and oil displacement efficiency
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