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Abstract

Due to the long-term scouring of steam/water flooding, the water channels restricts the expansion of streamlines in the swept
region. The formation of the main streamline, an inevitable and troublesome challenge during steam/water flooding, restrict
the spread of the sweep region and the oil extraction in oil reservoirs. To realize the swept main streamlines adjustment
(SA), well pattern adjustment (WPA) and polymer flooding (PF) are the mature technologies applied in the development of
reservoir. The WAF and PF, as two kinds of oil extracting methods with different principles and operations, is difficult to
directly verify the disturbance law to main streamlines in the same model or experimental physical field. Two-dimensional
sand-packed model can elucidate the mechanism of WPA and PF for SA based on the direct processing of images and data
analysis of production data. Through the oil-water distribution images from displacement experiment, the influence of vis-
cous fingering generated by streamlines development can be obtained and described by the mathematical model to illustrate
the relationship between penetration intensity and mobility ratio. In addition, the dynamic production data can reflect the
change of flow resistance and water cut during the expansion of swept region. Based on observations of macro and micro
perspectives, the experimental results show that the WPA greatly expands the coverage region of the streamlines, while PF
makes the streamlines denser in the swept region. By comparing the distribution of streamlines between the two methods,
the different shapes of streamlines are deeply influenced by the mobility ratio that determines the viscous fingering and the
well pattern type. Finally, the adaptability of different methods for extracting the remaining oil is proposed. The WPA pays
attention to improving the macro sweep efficiency outside the swept region. Meanwhile, the PF strategy pays more attention
to improving the micro sweep efficiency in the swept region. The analysis of single-factor shows that viscous fingering has
an obvious interference effect on the streamline morphology development, which highlights the meaning and importance of
using the synergistic effect of WPA and PF to enhance oil recovery.

Keywords Visual sand-packed model - Streamline adjustment - Well pattern adjustment - Polymer flooding - Macroscopic
and microscopic analysis
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C The constant of the potential, pm? s~!
DPR  Disproportionate permeability reduction
K.y Permeability of displaced region, pm?
OOIP Original oil-in-place

PV Pore volume injection, cm?

SNA  Reservoir abundance of oil, cm

VF Viscous fingering

n Distance in the normal direction, cm

Iy The radius of the displacement front, cm
Toro The radius of the production well, cm

v, Velocity of the liquid, cm? /s

a Horizontal angle of the model

A The mobility of fluid

2 Density of the fluid, Kg/m?

T The time, s

o, Velocity potential, pm?/s
Introduction

As global energy demand increases, more crude oil needs
to be extracted from existing fields. However, only approxi-
mately 30% of the original oil in place (OOIP) can be
extracted from oil fields (Cheraghian 2015). Currently, ter-
tiary oil recovery techniques and well pattern adjustment
(WPA) methods have already been adopted to develop the
remaining oil efficiently (Pei et al. 2012). After the long-
term water scouring, the heterogeneity of the reservoir is
aggravated, which greatly restricts the development perfor-
mance of oil reservoirs (Imgam et al. 2017). On one hand,
due to the high flow ability of the water channels, primary
water flooding (PWF) has a poor development performance
on the remaining oil after primary recovery. On the other
hand, it also causes environmental issues in the process of
disposing of large amounts of produced water (Wei et al.
2014; Zheng et al. 2021).

Some experts have proposed polymer flooding (PF) to
adjust the mobility profiles in the reservoir (Jian et al. 2008;
Liu et al. 2020). The PF realizes SA to improve oil recovery
by increasing the viscosity of the flooding fluid. In addition,
the viscoelasticity of polymer can improve the oil washing
efficiency (Sandiford 1964; Wang et al. 2000; Wu et al. 2016;
Zolfaghari et al. 2018; Du et al. 2019). Other experts have
proposed WPA can effectively improve oil recovery by either
infusing or adding new streamlines (Yuan and Yang 2003;
Van and Chon 2016; Zhiwang et al. 2018; Wang et al. 202a).
After primary water flooding, the water channels along the
injection-production well line have a higher-pressure con-
ductivity, resulting in no displacing fluid (water) reaching
the unswept region. To overcome this challenge, WPA and
PF can achieve effective and flexible performance in res-
ervoirs, reflecting in the complex changes of the stream-
line. The experimental studies show that WPA and PF can
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change the direction of pressure conduction in the reservoir
(Grinestaff 1999; Samier et al. 2001; Shams et al. 2003;
Zhao et al. 2020). In addition to polymer flooding, there are
many more chemical flooding techniques applied in stream-
lines adjustment, such as foam flooding, water-alterating-gas
process (WAG), chemically enhanced water alternating gas
(CWAGQG), alkali-surfactant-polymer (ASP) flooding, col-
loidal dispersion gel flooding and nanomaterials flooding
(Mack and Smith 1994; Christensen et al. 2001; Behzadi and
Towler 2009; Wang et al. 2010; Tongwa and Bai 2016; Guo
and Aryana 2018). However, due to the complex chemical
composition of the technology, the mechanism is very com-
plicated and involves many influencing factors.

Whether using numerical simulation method or experi-
mental method, it is challenging to describe the swept region
intuitively. The streamline description can vividly describe
the flow characteristics in the porous media (Samier et al.
2001). And the two-dimensional sand-packed model can
directly reflect the change of streamline and the distribu-
tion of the remaining oil (Cottin et al. 2010; Al-Shalabi
and Ghosh 2016; Jackson et al. 2017; Wang et al. 2020).
Some experts studied the heterogeneous phase combina-
tion flooding for oil recovery enhancement by using the 2D
sand-packed model. The characteristics of the remaining oil
under different SA measures were identified through micro-
model images. Furthermore, identifying and validating the
oil recovery mechanisms through qualitative and quantita-
tive analyses of static and dynamic displacement is critical
(Pratama and Babadagli 2021).

In the paper, visual experiments are used to study the
influence of different methods on streamlines:

1. Explore the influence of WPA strategy on streamline
distribution. Explain the mechanism of WPA based on
SA to enhance oil recovery.

2. Explore the influence of PF strategy on streamline frac-
tion to reflect the mechanism of enhanced oil recovery
on macro and micro scales.

3. Through the comparison of the two SA methods, study
whether there are significant differences in the shape of
streamline distribution.

Experimental methods
Experimental materials

The visual sand-packed model is designed to study the dis-
tribution of streamlines. The visual experiment model con-
sists of two iron plates 15 mm thick, with eight penetrating
holes as shown in Fig. 1a. And the model also has two glass
plates 20 mm thick, possessing the same penetrating holes
as the iron plates. The heat-resistant colloid is laid inside
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(a) 2D sand-packed model

(b) 2D microfluidic apparatus

Fig. 1 The images of 2D experimental apparatus. 1-nut; 2-iron plate; 3-bolt; 4-glass plate; 5-joint; 6-penetrating hole; 7-glass beads layer

two glass plates to fix the glass beads (380 ym) which simu-
late the rock skeleton. The glass beads are filled into a gap
between two glass plates to form the simulated reservoir
(Wu et al. 2016). The thickness of the simulated reservoir is
determined by the mesh size of the glass beads. All sides of
the simulated reservoir are sealed around with heat-resistant
and stretch-resistance glass glue, which ensures the tightness
of the model. The visual sand-packed model is featured with
great transmittance, which allows us to directly observe the
movement and distribution of fluid in the simulated reservoir
(Lu et al. 2017).

The glass beads with good chemical stability, are pro-
duced by Dongguan Jinying Abrasive Technology Co., Ltd,
which. These glass plates are produced by Shenyang Huamei
Quartz Co., Ltd, which could resist the pressure of 3 MPa.
The size of the glass plate is 250 mm X 250 mm X 20 mm.
These iron plates are produced by Jiangsu Lianyou Sci-
entific Research Instrument Co., Ltd. After assembly and

airtightness treatment, the visual sand-packed model is built
to simulate multiple well patterns as shown in Fig. 1b.

The size of the visual region is 200 mm X 200 mm. The
thickness of the simulated reservoir depends on the proper-
ties and compressibility of the glass beads and heat-resistant
colloid, which makes it difficult to measure reservoir thick-
ness. However, because fluid percolation distance in the
vertical direction is far less than that in the horizontal, there
is no need to measure the thickness of the reservoir in the
visual sand pack model. In the work, the size of glass beads
is 40 mesh, resulting in the simulated reservoir thickness of
about 800 ym. The pore volume reached 56.7 mL through
the saturated water process, and the porosity reached about
0.177. The initial water saturation reached about 14%.

Establishing the appropriate experimental system to real-
ize the various types of well pattern designed in the experi-
mental scenarios. The visual sand-packed model was con-
nected to the displacement power system and the dynamic
monitoring system as shown in Fig. 2. The displacement
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Fig.2 The schematic diagram of experimental apparatus
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power system used an ISCO pump to pump different fluids
through the injection into the visual sand-packed model. The
automatic dynamic monitoring system included a pressure
gauge, electronic manometer, and full HD camera to trans-
mit production performance data and oil/water distribution
images to the computer during the displacement process.

The three fluids used in this experiment are oil, formation
water, and polymer solution. The viscosity of the oil sample
was 58 mPas at 55 °C and the formation water salinity is
2.86 x 10* mg/L as shown in Table 1. The polymer solution
with a concentration of 200 ppm has a viscosity of 70 mPa s
at55 °C. The glass beads were placed in water and polymer
solution for the wettability test. After the test, the contact
angle of porous media was not obviously affected by water
and polymer solution. In particular, through the wettability
test, the wettability of glass beads did not change evidently
in this experiment.

Experimental scenario

WPA is an important technical method to adjust swept
region during the development of reservoir. Considering the
characteristics of well pattern setting in sand-packed model
instead of considering the angle between the injection-pro-
duction well line and the main line, three well pattern types
are designed in this work as shown in Fig. 3.

Based on the visual sand-packed model with eight pen-
etrating holes, three common well pattern types could be

used in the visual displacement experiment as shown in
Fig. 4. The single injection well is arranged in the middle
of one side in the four-spot well pattern and staggered well
pattern. And then, the two production wells are arranged in
the middle of the opposite and adjacent sides in the four-
spot well pattern, respectively. In contrast, both production
Wells are arranged at opposite ends of the opposite side
as shown in Fig. 4b. The production and injection Wells
of the five-point well pattern are arranged diagonally as
shown in Fig. 4c.

The well pattern adjustment scheme was divided into
two displacement phases, in which only the pattern type
was adjusted. The fluid adjustment scenario is divided into
three stages, which are primary water flooding (PWF), pol-
ymer flooding (PF), and subsequent water flooding (SWF).
The design of the six experimental scenarios considers the
influence of WPA and PF on SA as shown in Table 2. Sce-
narios I, IT and III were designed to study the influence of
WPA, and scenarios IV, V, and VI were designed to study
the influence of injected fluid type adjustment.

In particular, although the well pattern type for scenario
IIT was not changed, the placement of injection-production
wells was changed. In the PF scenarios, the polymer solu-
tion was injected into the reservoir based on the original
well pattern type during the subsequent flooding stage.

Table 1 The mineral

.. . Type of ions
composition of formation water

Na*

Mg Ca¥* Co¥ HCO;  CIF S0 Total

Concentration of ions (mg/L)
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1522 3202 27262 116064 4452.6 250.8 28629.4
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(a) Four-spot well pattern
tern

Injection well
Fig.3 The design diagram of three well patterns
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(a) Four-spot well pattern (b) Staggered well pattern (c) Five-spot well pattern

Fig.4 The design diagram of three well patterns on the visual sand-packed model

Table 2 Visual sand-packed Scenario  Primary flooding stage Subsequent flooding stage Improvement measures

model of well pattern type and

injection parameters Well pattern type  Fluid type ~ Well pattern type  Fluid type
I Four-spot Water Staggered Water WPA
I Staggered Water Four-spot Water WPA
I Five-spot Water Five-spot Water WPA
v Four-spot Water Four-spot Polymer PWF-PF-SWF
v Staggered Water Staggered Polymer PWF-PF-SWF
VI Five-spot Water Five-spot Polymer PWF-PF-SWF
Visualization procedure saturation (S,;) were also obtained. The initial reserve
abundance (SNA) could be calculated by Eq. 1:
After the completion of the experimental system connec-
. comp pertmenta sys: SNA =V, /A, )
tion and airtightness check, the specific experimental pro-
cedures and methods were as follows: Where SNA is the reservoir abundance of oil; V; is the
original oil volume and the size of the region with oil.
(1) Oil reservoir model establishment procedure. After (2) The primary flooding procedure. The water was

adjusting the internal temperature of the incubator
to 55 °C, the visual sand-packed model was succes-
sively saturated with water and oil. Turn on the ISCO
pump and select the injection speed of 0.5 mL/min.
The model was considered to be fully saturated with
water when the water flow at the outlet was stable (Wu
et al. 2021). Then, in the same way, the reservoir model
was saturated with oil at 55 °C. After the oil saturation
process was completed, the data in the oil reservoir
establishment procedure was analyzed and calculated.
The residual water volume (V) is divided by the pore
volume (PV) to obtain the original water saturation
(Syi)- The original oil volume (V;) and original oil

injected into the sand-packed model at a constant flow
rate of 0.5 mL/min. In the process, the pressure data
at the injection well were obtained through the pres-
sure gauge, and the production data were collected by
the electronic manometer. Water cut data and stream-
lined images in the primary flooding process were also
collected. Until the water cut was close to 90%, the
first displacement procedure tends to the end. In some
regions that have been swept by the water, the abun-
dance of residual reserve of the swept region after the
displacement process should be calculated by formula
Eq. 2:

SNAr = (Voi : As/Ao - Vco)/As (2)
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where SNA, is the reservoir abundance of the remain-

ing oil in the swept region after the displacement pro-
cess; V. is the volume that has been produced during
the displacement process and is the size of the swept
region. The SNA . could quantitatively reflect the rela-
tive amount of remaining oil in the swept region after
the displacement process, which was conducive to the
comparison of development effects between different
scenarios.

(3) The subsequent flooding procedure. If the experi-
mental scenario was to adjust the well pattern type,
the amount and location of the injection well and
production well needed to be adjusted to achieve the
target well pattern type. And the total flow rate of
injected fluid was still maintained at 0.5 mL/min. If
the experimental scenario was to inject the polymer
solution into the visual sand-packed model, inject a
polymer into the model at 0.5 mL/min until a pre-
determined amount was injected. And then, water
was injected into the model until the water cut was
closed to 90%. Different observation tasks need to be
carried out in each experiment process as shown in
Table 3.

Results and discussions
Intuitive performance of well pattern adjustment

The sand-packed model provided a mass of real-time pic-
tures of streamlined pictures (Lyu et al. 2018). The distribu-
tion of oil and water phase in the model can be judged by
the brightness of the images. Furthermore, the streamlines
distribution under various experimental scenarios could be
quantified by image analysis to calculate the oil saturation
with the gray-scale method (Guo et al. 2017). On this basis,
the formation reasons and improvement countermeasures of
streamlines could be analyzed. Figure Sa, b, and c, respec-
tively, show the streamlines distribution of scenarios I, II,
and III after the primary flooding. The streamline in the four-
point scenario has the shortest extended distance, while in
the five-point scenario, the extended distance of streamlines
is the farthest that other well pattern scenarios.

Figure 6 shows the streamlines distribution of the sub-
sequent stage of the scenarios I, II, and III after the subse-
quent flooding. The position of the production well induces
the streamline to extend further. The displacement images
show the brownish-black of oil patches remain in the space
between the streamlines. The streamlines are scattered in

Table 3 Observation tasks

L . Experimental procedure
in different experimental

Observation task

procedures Oil reservoir establishment

The primary flooding

The subsequent flooding

(1) Macroscopic saturation alteration of oil and water

(2) The front shape of oil during oil saturation

(1) Macroscopic image of the streamlined trajectory

(2) The size of the swept region

(1) Macroscopic alteration of streamlined trajectory

(2) Macroscopic shape alteration of the remaining oil region
(3) The size of the swept region

(a) HPL.

Fig.5 Streamline images before WPA
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(b) MPL.

(c) LPL.
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(a) HPL.

Fig.6 Streamline images after WPA

(b) MPL.
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Fig. 7 The macroscopic sweep efficiency alteration by WPA

(a) HPL.

Fig.8 Streamline images of PF for scenario IV

(b) MPL.

the middle of the visualization area, but the streamlines
are dense in the area around the well as shown in Fig. 6a.
However, the distribution of streamlines in the five-point
well pattern is more dispersed and complicated as shown
in Fig. 6c.

As shown in Fig. 7, based on the comparison between
scenarios I and II when the four-point well pattern is trans-
formed into a staggered well pattern, the sweep efficiency
increases greatly, while the sweep efficiency did not increase
significantly in the reverse well pattern sequence. In the ini-
tial flooding stage, scenario III has the best performance on
the sweep efficiency than other scenarios.

Intuitive performance of polymer adjustment

The polymer solution can reduce the mobility of the dis-
placing phase by increasing the viscosity of the displacing
phase and by causing disproportionate permeability reduc-
tion (DPR) (Taber 1983). In addition, some researchers
suggested that polymer had little influence on wettability
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(Sharma et al. 2016; Li et al. 2020). The distribution and
movement of polymers in porous media can be identified by
the streamlines images.

The polymer with greenish fanned out from the injection
well to the reservoir as shown in Fig. 8b. At the polymer
front, there is brownish-black regions filled with remaining
oil. During subsequent flooding, the greenish polymer was
pushed to both sides of the swept region and the stream-
line extends from the adjacent well to the opposite well.
Eventually, the streamlines formed a complete swept region
between the injection well, adjacent production well and the
opposite production well.

Similar to scenario IV, the brownish-black regions where
there is plenty of remaining oil separates the fanned region
with greenish polymer from the swept region generated dur-
ing the PWF.

As shown in Fig. 10b, the brownish-black regions evi-
dently distributed in the front of polymer slug. And subse-
quent water continuously pushed polymer into the reservoir.

Furthermore, the subsequent water along the injection-pro-
duction well line further expanded the swept region.

At the above-mentioned form of streamlines, after the
polymer entered the model to form a fan-shaped region cen-
tered on the injection well. In the fan-shaped region, a large
number of black remaining oil spots were eliminated and the
brightness was significantly increased, but the brightness
of the polymer front was reduced as shown in the dotted
line Figs. 8b, 9b, and 10b. The region of reduced brightness
indicates increased internal oil saturation.

When subsequent water broke through the high polymer
region, a large amount of polymer was pushed to the edge
of the swept region as shown in Figs. 9c and 10c. When the
subsequent water reentered the production well, the water
cut quickly recovered to more than 90%.

By analyzing the results of the sweep efficiency as shown
in Fig. 11, the effect of PF on macroscopic sweep efficiency
is obvious. Under similar productive and geological con-
ditions, scenario IV had the smallest increase in sweep

(a) HPL.

Fig.9 Streamline images of PF for scenario IV

(a) HPL.

Fig. 10 Streamline images of PF for scenario VI
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(b) MPL.

(b) MPL.

(c) LPL.
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Fig. 11 The macroscopic sweep efficiency alteration by PF

efficiency, while scenario V increased. Interestingly, the
sweep efficiency of scenario V remained the highest at dif-
ferent stages of the PF scenarios, while scenario I'V still had
the lowest sweep efficiency of all scenarios.

Analysis of swept region

Through the image binarization algorithm, the water chan-
nels generated by displacing fluid and black patches pro-
duced by viscous fingering were separated. The dark and
bright pixels were counted by the grayscale algorithm
(Onaka and Sato 2021; Wang et al. 2021). In addition, we
acquire the migration rule of the position of the streamlines
by comparing the brightness alteration in the swept region.

As the binarization images show, the streamlines distri-
bution in the swept region varies greatly after PF as shown
in Fig. 12. The polymer front advanced evenly and further

pushed the remaining oil toward the production well. There
were obvious differences in the swept region formed after
the fluid type was adjusted, which was caused by the viscos-
ity difference between displacing fluid and displaced fluid.
Because the viscosity of displacing fluid (water) is less than
that of the displaced fluid (oil), the viscous fingering caused
by the viscosity difference hurts the sweep efficiency. To
display the influence of viscosity difference on the shape
of swept region, the change rate of viscous fingering could
be introduced to describe it in the 2D visual sand-packed
model.

According to the statistics in the sand-packed model,
most of the pore throat size was about 400 yum, which
made the capillary force smaller than the viscous force,
so the capillary force could be ignored when we estab-
lished a mathematical model. Therefore, the influence of
viscous force and gravity in Darcy flow was considered
when we established the model. Meanwhile, polymer
interfaces remain stable in the visualization region dur-
ing PF because polymer molecules are difficult to diffuse
efficiently into water at low shear rates. According to
Darcy’s law, we can build a mathematical model of the
front of polymer at the displacement interface based on
the two dimensional model. The equation system is as
follows (Saffman and Taylor 1958):

dv;/dr=0

v; =d®, /dr + K;Ap; gsina/ u;

D, =Dy, 3)
¢|l":l"‘.m = ®pl’O

where v; denotes the fluid velocity at displacement interface;
i denotes the type of fluid (aqueous phase or oil phase) and
@, denotes the velocity potential at the position of r. K; and
u; are the permeability and viscosity of the fluid in porous
media. In addition, p; denotes the density of the fluid and

(a) HPL.

Fig. 12 Initial images of the multilayered heterogeneous reservoir

(b) MPL.
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a denotes the horizontal angle of the model, which makes
the mathematical model consider the influence of gravity
on fluid percolating in porous media. The general solution
of Eq. 3 is:

l

— K;Ap,;g sin a/yi)r+ C 4)

In the mathematical model, the distance between the injec-
tion well and displacement interface is assumed as r;. The
percolation region is divided into the oil phase percolation
region and the aqueous phase percolation region with r, as
the boundary. The velocity potential of the injection well
and displacement interface can be determined in the aqueous
phase percolation region:

{ O, = (vin -
O = (Vin -

The velocity potential of the displacement interface and the
production well can be determined in the oil phase percola-
tion region:

O = (Ved
q)pro = (Ved

where v;n denotes the velocity of displacing fluid; v,d
denotes the velocity of displaced fluid and pror denotes the
distance between the injection well and production well.
Equations 5 and 6 can be used to obtain the velocity poten-
tial of injection and production wells:

Ki,Apipgsin a/ﬂin)”inj +C

5
KinAping sin a/ﬂin)rf +C ( )

_KedApengina/Med )rf+ Cc

. (6)
- KedAped g s a//‘ed )rpro +C

(D - q)inj + [Ked Ped (rpro - rf)/l’led
in Pin (rf_rinj )/Min]Ag sina @)
_rinj ) +Ved (rpro _rf)

The stability of the displacement interface is often measured
by the mobility ratio. When different phase velocities are
affected by pressure, the pressure gradient is introduced to
correlate the fluid velocity with the mobility ratio:

(ap/an)m /(ap/an)ed =(V/’l)in /(V/ﬂ‘)ed
z(vin )/(Ved) : (Hin Ke )/(ﬂedK )

®)

where p denotes the pressure of fluid; n denotes the distance

in the normal direction and A denotes the mobility. Equa-

tion 8 can be simplified by substituting the mobility ratio of

displacing phase to the displaced phase (M,,):

Ved = Vin * (MedKin)/(/’linKed) = Vin 'Min (9)

The velocity of displacing fluid inv can be obtained by sub-
stituting Eq. 9 into Eq. 7:

@ Springer

b= cI)inj - <I)pm
in T
(l _Min )rf+Min (rpro - rinj)
Kedped(rpm _rf)/ﬂin+Kinpin(ri _rinj)/ﬂin .
1- Agsina
q)inj - CI)pro

(10)
The sand-packed model is placed on the horizontal table,
which makes the value sina equal to 0. The above work
makes it convenient to calculate the true percolating veloc-
ity on the displacement interface.

V; (Dpro - (Dinj

iy (1) = b D[(1 = My, )i+ My (1o — Fing)]

an

where u;, denotes the true percolation velocity of the displac-
ing fluid. Since viscous fingering occurs when two kinds of
fluids with viscosity differences in the flow of porous media,
the distance of influence at the displacement interface can
be expressed as €:

L = (14 €) — (1)
_ (Dpro - ‘I’inj l 1
¢ (1 —Min)(rf+e) +Mmrpm Finj
1 (12)
_(I_Mi )7 +M1nrpr0_rinjl

(q)inj - (I)pro)(Min - 1)8
gb[(l—Mi ) + M. r —rinj]2

in’ pro

~

The change rate of viscous fingering (o) is introduced to
characterize the mutation degree of displacement interface:

_tde _ (Pu— Pp) (M — 1)
edr [( ) +M1nrpro mj] (13)
=C,(M,—1) (C,>0)

According to Eq. 13, it is clear that the rate of VF depends
on the value of the mobility ratio when other factors have
little influence on viscous fingering. Furthermore, the

Table 4 The relationship between viscous fingering (VF) and mobil-
ity ratio

Mobility ratio Change  Displacement front shape Strength of VF

rate of
VF
M, >1 c>0 Sharp and branching Increased
shape
M =1 c=0 Stable and unchanged Constant
shape
M, <1 c<0 Gentle and fan shape Decreased




Journal of Petroleum Exploration and Production Technology (2023) 13:1919-1933 1929

relationship between viscous fingering and mobility ratio is
determined as shown in Table 4.

When the polymer was injected into the sand-packed
model at low speed, it is difficult for the polymer to diffuse
from the polymer solution into the water environment cre-
ated by the primary flooding to improve the viscosity of the
water, which makes the polymer solution and water consid-
ered as two type of fluids with viscosity difference. There-
fore, the polymer solution pushed the water and the remain-
ing oil to percolate into the swept region at the displacement
interface during the PF. The mobility ratio between the poly-
mer solution and water during PF is approximately 0.0125
at 55 °C and the mobility ratio between the polymer solu-
tion and remaining oil during PF is approximately 0.6875.
Because the water generated by primary flooding is easy to
flow along the water channels, the oil saturation in front of
the polymer interface is increasing, and the remaining oil
tends to push the water (Pinilla et al. 2021).

Numerical analysis of production performance

The production dynamic curves that includes oil recovery,
water cut, and pressure are shown in Fig. 13. Based on the
analysis of the production performance curve, the break-
through time and pressure peak for each well pattern type
could be compared in the development process. Oil recovery
from primary and subsequent water flooding in different sce-
narios can also reflect the influence of these SA methods on
oil improvement as shown in Table 5.

The production performance data during the primary
flooding could only reflect the development effect under dif-
ferent well pattern types. The breakthrough time (PV) was
an important parameter reflecting the characteristics of early
streamline development. The breakthrough time of scenario
I was earlier than that of scenario II, and the breakthrough
time of scenario II was also earlier than that of scenario
III. Similarly, the pressure peak of scenario I was smaller
than that of scenario II and scenario III. According to Fig. 5,
the distance between the injection well and production well
was 141.4 mm in scenario I, 232.2 mm in scenario II, and
282.8 mm in scenario III (the ratio was \/5: \/gz 2\/5),
which was similar to the ratio of breakthrough time in the
three scenarios.

Figure 14 shows a comparison of oil recovery for all
scenarios at primary and subsequent stages. By comparing
the oil recovery of different scenarios, it was found that the
five-spot well pattern had the highest oil recovery and the
four-spot well pattern had the lowest oil recovery during
primary flooding, but the oil recovery values of the three
well patterns were similar.

According to Figs. 7, 11, and 14, the average increase in
sweep efficiency was 47.59% by WPA and 46.42% by PF.
Average oil recovery was improved by 57.71% of WPA and

110.82% of PF. By comparing the sweep efficiency with oil
recovery, we found that the increase in oil recovery was
much greater than the increase in the macroscopic sweep
efficiency in the PF scenarios, which did not occur in the
WPA scenarios. Next, we need to explore the reasons for
this phenomenon.

Macro and micro-analysis of SA

By measuring the area of the swept region and the volume of
oil produced, SNA, each scenario could be calculated accord-
ing to Eq. 2, which could quantitatively reflect the amount
of remaining oil in the swept region in different scenarios
as shown in Table 5.

Then SNA, after subsequent flooding was reduced in the
PF scenarios, which indicated a significant reduction in the
amount of remaining oil in the swept region. In the WPA
scenarios, the SNA, did not reduce the amount of remain-
ing oil in the swept region produced by primary flooding.
To study the cause of an apparent decline in the amount of
remaining oil in the swept region, we must get down to the
microscale to understand what is happening.

Microscopic observation method is used to observe
the remaining oil occurrence state in the water channels
(Urbissinova and Kuru 2010; Alizadeh et al. 2014). The dis-
tribution of oil and water in scenario III at different observa-
tion scales is shown in Fig. 15a, b, and c. And the distribu-
tion of oil, water, and polymer in the scenario IV at different
observation scales can be observed in Fig. 15d, e, and f.

As shown in Fig. 15b, there were a large number of flake
remaining oil in the swept region at the microscopic scale.
Around the flake remaining oil, water could flow easily
along the water channels with low resistance as shown in
Fig. 15c. After the well pattern type was adjusted, the sub-
sequent water flowed along the new streamlines. However,
when the new streamlines passed through the original water
channels generated by primary flooding, the subsequent
water flowed along the original water channels, so that the
remaining oil around the original water channels was not
affected obviously.

To develop the unswept region with flake remaining oil, it
is necessary to improve the resistance in the water channels
around the flake remaining oil, forcing the subsequent fluid
into the region where flake remaining oil was located. The
WPA scenario is difficult to realize the development of flake
remaining oil around water channels.

As the polymer entered the sand-packed model, the
brightness increased in the polymer fan-shaped region as
shown in Fig. 15d. As the polymer preferentially entered
the water channel with low resistance, part of the residual
polymer accumulated in the nodes of the water channels
as shown in Fig. 15e. As the polymer entered the sand-
packed model, the resistance in the water channels was
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Fig. 13 Oil recovery, water cut, and pressure versus injected volume in different scenarios

gradually increased by residual polymer, which changed  the waterfront was drawn in. As shown in Fig. 15f, some
the flow direction of the subsequent water. The strength of ~ remaining oil that is difficult to be exploited still existed
VF is weakened in the microscopic images because with  in the corner or throats and may need to be developed in
the polymer in the water channel, the resistance gap at  other ways.
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Fig. 14 Oil recovery at different stages in different scenarios

By comparing the microscopic images of different sce-
narios, we can understand the strength of the VF phenom-
enon. Moreover, we can find remaining oil on the rock sur-
face or narrow throat after PF. These remaining oil needs
to be effectively displaced by surfactant-polymer or other

(d) SWF in the HPL

() SWF in the MPL (f) SWF in the LPL

Table 5 Visual sand-packed model of well pattern type and injection
parameters

Scenario Breakthrough Pressure peak ~ SNA,
time(PV) (Kpa)

PWF SWF
1 0.078 53.7 0.025 0.027
1I 0.122 70.0 0.032 0.031
1 0.158 89.1 0.028 0.030
v 0.078 66.9 0.023 0.016
v 0.121 74.7 0.031 0.022
VI 0.154 83.7 0.026 0.018

chemical methods (Shen et al. 2009; Shandrygin et al. 2016),
which is worth further study and exploration.

Conclusions

Through experimental and mathematical analysis, the
streamline adjustment (SA) after well pattern adjustment
(WPA) or polymer flooding (PF) can be visually reflected.
The improvement rules of the two methods on SA were

ol

Fig. 15 Oil recovery, water cut, and pressure versus injected volume in different scenarios
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revealed from macro and micro scales. The following con-
clusions can be made:

e The pressure in the reservoir is redistributed as a result of
the WPA so that the water channel generated by primary
water flooding is no longer the pressure relief channel.
Streamline density and coverage area are important fac-
tors for SA.

e After PF, the front of the high viscosity polymer spread
out in a fan-shape on a macroscopic scale to weaken the
strength of viscous fingering (VF). The PF can improve
sweep efficiency by blocking the water channels and
promote fluid into the unswept region by increasing dis-
placed pressure.

e The strength of VF could also affect the development
of streamlines. When the mobility ratio is large, the VF
strength is high, which causes the streamlines to diverge
between the injection well and the production well. When
the mobility ratio is small, the influence of VF is weak,
which makes the streamlines advance evenly fan-shaped.

¢ In the two technologies of SA, profile control and water
plugging is the key to enhancing oil recovery. Through
the 2D displacement images, it is clear that the WPA can
expand the swept region of the streamlines, while PF
denser the streamlines. The WPA uses the remaining oil
outside the swept region by produce new streamlines.
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