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ABSTRACT: Tight oil resources in China are mainly exploited by
staged-fractured horizontal wells; horizontal wells face the problems of {|
the rapid decline rate and low primary oil recovery. Pilot tests on the ;.
asynchronous cyclic waterflooding for the horizontal—vertical well
pattern were carried out in recent years and achieved good performance.
However, there are few studies on the influencing factors and parameter —
optimization of asynchronous cyclic waterflooding, which limits its wide ST
application. This work took the tight oil reservoir in Yanchang | :
formation, Fuxian area, Ordos Basin as its object, and the oil recovery 5 ‘ :“Mz .
mechanisms of asynchronous cyclic waterflooding for the horizontal— .| v
vertical well pattern were analyzed first. Then, the operation parameters
of asynchronous cyclic waterflooding were optimized by the numerical
simulation method. Among them, the injection proportion was
optimized by the fuzzy synthetic evaluation method. Finally, the oilfield
test was carried out based on the optimized parameters. The results showed that pressure disturbance and streamline deviation are
the main oil recovery mechanisms of asynchronous cyclic waterflooding. The asynchronous mode of the diagonal well row is better
than other asynchronous modes. For the injection time interval, injection—production ratio, and the injection and shut-in time, the
cumulative oil production all show the trend of increasing first and then decreasing with the increase in these parameters. The
optimal injection time interval and injection—production ratio are 0.5 T and 1, respectively. The optimal injection and shut-in time
can be calculated by empirical formulas. Ultimately, the fuzzy synthetic evaluation model was established to optimize the injection
proportion. Field practices showed that the average daily oil production of horizontal wells was increased from 1.7 to 3.0 m* with the
optimized parameters, which further verified the accuracy of the optimized parameters. This research can provide theoretical support
for the effective development of tight oil reservoirs.

Streamline deviation

The typical horizontal well production performance

1. INTRODUCTION patterns, the horizontal wells are not in the isolated formation
units, which makes it difficult to hold the formation pressure
during the huff-n-puff. Therefore, the ultimate recovery is low.
Previous studies have shown that waterflooding exhibits a better
performance on the formation energy maintenance for the
horizontal—vertical well pattern.””** In recent years, pilot tests
of the development mode with vertical wells injection and

Given the rapid depletion of conventional oil production and the
rising energy demand, tight oil reservoirs play a significantly
important role in the development of oil and gas fields for their
abundant geological reserves.' > Tight oil resources in China are
rich, with a geological reserve estimation of 178.2 X 10% t, which

is mainly distributed in the Ordos Basin, Tarim Basin, Sichuan X - ] )
Basin, Songliao Basin, Bohai Basin, and Jungar Basin.*”” The horizontal wells production in the horizontal—vertical well

staged-fracturing horizontal well technology is an effective pattern have been applied in several oil fields, and most of the
method for the development of tight oil reservoirs.®~'2 cases are successful. Clearly, for the horizontal—vertical well
However, the oil production of horizontal wells declines rapidly pattern, the development mode with vertical well injection and

within the first few years, and the oil recovery during the primary

depletion period is usually less than 10%."°~"® Effective energy Received: January 6, 2022
supplementation methods have become an important topic for Accepted: March 11, 2022
maintaining the production rate of horizontal wells. Water huff- Published: March 22, 2022

n-puff technology and waterflooding technology are the
common energy supplementation methods for horizontal wells
currently.'®™** However, for the horizontal—vertical well
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Figure 1. Swept area of different injection modes: (a) synchronous cyclic waterflooding and (b) asynchronous cyclic waterflooding.
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horizontal well production has become a promising approach for
enhanced oil recovery of horizontal wells. The tight oil reservoir
in the Fuxian area is located in the southeast of the Ordos Basin,
NW China, with developed natural micro-fractures. In addition,
the fracture network of horizontal wells is large, and the well
spacing between vertical well and horizontal well is small;
therefore, the waterflooding method could exhibit better
performance on the formation energy maintenance for the
horizontal—vertical well in the tight oil reservoirs in the Fuxian
area. However, there are few studies on the influencing factors of
waterflooding for the horizontal—vertical well pattern, which
results in a huge difference in the production performance of
horizontal wells.

Currently, a lot of research has been carried out on the
seepage characteristics of the horizontal well in the horizontal—
vertical well pattern. Lang and Wang et al. studied the seepage
law of the horizontal well in the five-spot and seven-spot
horizontal—vertical well patterns and further deduced the
mathematical expressions of horizontal well production, sweep
efficiency, and flow function.”>™*’ Subsequently, using the
seepage resistance method, Wu et al. investigated the water
breakthrough time of horizontal well in the horizontal—vertical
well pattern in 2005.”° Results indicated that the length of
horizontal wells has a significant influence on the water
breakthrough time of horizontal wells. Moreover, compared
with the seven-spot and inverted nine-spot horizontal—vertical
well patterns, the horizontal well in the five-spot horizontal—
vertical well pattern has the latest water breakthrough time.
Moreover, using the numerical simulation method, Wu et al. also
investigated the influence of the angle between the horizontal
well and the horizontal direction on the sweep efficiency of the
waterflooding in the horizontal—vertical well patterns.”” They

found that the sweep efficiency of the waterflooding in the five-
spot horizontal—vertical well pattern decreases with the increase
in the angle but increases in the seven-spot and nine-spot
horizontal—vertical well pattern. However, during the water-
flooding, the large scale of the fracture networks formed by
hydraulic fracturing is easy to lead to water channeling in
horizontal wells. Research and field practices indicated that
cyclic waterflooding can bring into full play the effect of pressure
disturbance, making the injected water streamline sweep over
the remaining oil area which is difficult to be swept by
conventional waterflooding, improving the sweep efliciency of
waterflooding, and thus delaying the water breakthrough time of
horizontal well.”°~** Cyclic waterflooding is a waterflooding
method proposed by the scholar of the Soviet Union in the late
1950s and early 1960s, which can improve the development
effect of waterflooding by changing the injection rate periodi-
cally.”® The pressure disturbance is the main oil recovery
mechanism of cyclic waterflooding. It could promote the fluid
exchange between the fracture (high-permeability areas) and
matrix (low-permeability areas) in the fractured reservoir,
making the displacement of injected water uniform relatively,
avoiding further increment of water cut, thus delaying the water
breakthrough time of wells.**~>° Many studies have been carried
out on the oil recovery mechanism and influencing factors of
cyclic waterflooding. However, there are few studies on
parameter optimization of cyclic waterflooding, and most of
these studies focused on the qualitative study of parameter
optimization. Previous studies indicated that the development
effect of the asymmetric cyclic waterflooding mode with short
injection time and long shut-in time is the best compared with
other symmetrical cyclic waterflooding modes.””** Water
channeling is not easy to occur during the asymmetric cyclic
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Figure 2. Reservoir model includes four inverted five-spot horizontal—vertical well patterns.

waterflooding with short injection time and long shut-in time,
which leads to the higher ultimate oil recovery. Besides, they
found that high injection pressure is also beneficial for pressure
maintenance during the injection stage. In 2018, Sun et al.
proposed a simulated annealing genetic algorithm to optimize
the process parameter based on the identification of water
channeling.” Results further verified that asymmetric cyclic
waterflooding exhibits a better performance on the formation
energy supplementation in the horizontal—vertical well pattern
than symmetric cyclic waterflooding. In the same year, Kobra
Pourabdollah used the real-time monitoring data of cyclic
waterflooding to optimize the injection time and shut-in time of
cyclic waterflooding based on the dual-porosity generalized
component model.** However, to the best of our knowledge,
very limited research on parameter optimization of asynchro-
nous cyclic waterflooding for the horizontal—vertical well
pattern is available currently.

Taking the tight oil reservoir in Yanchang formation of Fuxian
area in the southeast of the Ordos Basin, parameter optimization
of asynchronous cyclic waterflooding for the horizontal—vertical
well pattern was investigated by the numerical simulation
method. First, oil recovery mechanisms of asynchronous cyclic
waterflooding for the horizontal—vertical well pattern were
analyzed. Then, operation parameters of asynchronous cyclic
waterflooding, including the asynchronous mode, the injection
time interval, the injection and shut-in time, and the injection—
production ratio, were optimized. Subsequently, the influence of
the injection well position on the production performance of the
horizontal well was investigated, and the control area of the
injection well was calculated. On this basis, the injection
proportion was optimized by the fuzzy synthetic evaluation
method. Finally, field practice was carried out based on the
optimized parameters. This work can provide some guidance to
the field application of asynchronous cyclic waterflooding for the
horizontal—vertical well pattern.

2. OIL RECOVERY MECHANISMS OF ASYNCHRONOUS
CYCLIC WATERFLOODING FOR THE
HORIZONTAL—-VERTICAL WELL PATTERN

The pressure disturbance is the main oil recovery mechanism of
cyclic waterflooding for fractured reservoirs.” In the cyclic
waterflooding process, water is injected into the formation
periodically, and the pressure disturbance is caused by the
difference in pressure transmitting coefficients in high and low
permeability areas, which accelerates the fluid exchange between
high the low permeability areas, enhances the capillary
imbibition efficiency, thus improving the sweep efficiency and
oil displacement efficiency. Besides, part of the oil phase can
overcome the Jamin effect and flow across the narrow throat due
to the presence of pressure difference, which further improves
the ultimate recovery of the remaining oil.*"** Figure 1 shows
the swept area of synchronous and asynchronous cyclic
waterflooding. From Figure 1, the oil and gas enriched area in
the middle of the short and long side of the horizontal—vertical
well pattern for asynchronous cyclic waterflooding are both
much smaller than that for synchronous cyclic waterflooding.
The reason is that the streamline deviation caused by the
asynchronous injection of injection wells further enlarges the
swept area of injected water. From the analysis above, the
pressure disturbance and the streamline deviation are the main
oil recovery mechanisms of asynchronous cyclic waterflooding
in the horizontal—vertical well pattern.

3. METHODOLOGY

Compared with the inverted seven-spot and inverted nine-spot
horizontal—vertical well pattern, the water breakthrough
happens late in the inverted five-spot horizontal—vertical well
pattern, which means the best production performance of
horizontal wells.”® Therefore, by establishing the inverted five-
spot horizontal—vertical well pattern reservoir model, the
operating parameters, including asynchronous mode, injection
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and shut-in time, injection time interval, injection proportion,
and injection—production ratio, were optimized. The reservoir
model includes four horizontal—vertical well patterns, as shown
in Figure 2. The fracture number in each horizontal well is 7,
fracture half-length is 250 m, and the fracture network width is
20 m. Parameters used in this model were obtained from the
tight oil reservoir in the Yanchang formation of the Fuxian area
and are summarized in Table 1.

Table 1. Reservoir and Fracture Properties

name value
length of the horizontal well, m 225
initial reservoir pressure, MPa 11.3
reservoir temperature, °C 54
porosity, fraction 0.08
average permeability in non-fracturing area, mD 0.17
average permeability of the main fracture in fracturing area, mD 200
average permeability of secondary fracture in fracturing area, mD 23
width of the fracture network, m 20
half-length of fracture, m 250

4. RESULTS AND DISCUSSION

4.1. Asynchronous Mode and the Injection Time
Interval. The asynchronous mode and the injection time
interval have a very large impact on the performance of
asynchronous cyclic waterflooding for the horizontal—vertical
well pattern from time and space, respectively. The asynchro-
nous mode can be defined as the asynchronous injection of well
rows in different directions. It can be divided into three
categories for inverted five-spot horizontal—vertical well
pattern: the asynchronous mode of the short side well row
(W,ys), the asynchronous mode of the long side well row (W, ),
and the asynchronous mode of the diagonal well row (W,p,), as
shown in Figure 2. Moreover, the injection time interval (¢) can
be characterized by the overlap time of the injection period
between adjacent well rows. To facilitate our understanding, the
reservoir model is characterized by the matrix in the first column
of Table 2, and W in the matrix represents the injection well. A
series of simulations were conducted using different asynchro-
nous modes (Wyg, Wy, and W,p) and injection time intervals
(a=0.25T,b=0.5T,c=0.75T,and d = T). As shown in Table 2,
the third column represents the start time of injection in the nth
cycle for each well, where £, t, and T are the start time of
injection in the first cycle, the injection time interval, and the

injection period, respectively. For example, for the asynchronous
mode of the short side well row (W), in the first cycle (n = 1),
the start time of injection for the wells (W,_,, W,_,, W, _5, W;_,,
W;_,, and W;_3) are all t,, and that for the wells (W,_;, W,_,,
and W,_;) are all ¢, + . From the analysis above, we could define
each scheme. In these cases,20 cycles were simulated.

The cumulative oil production at the end of 20 cycles of
different schemes is shown in Figure 3. It can be seen from
Figure 3 that the cumulative oil production increases first and
then declines with the increase in injection time interval, and the
scheme with 0.5 T showed the best effect. The reason is that
when the injection time interval is small, the scheme is similar to
the cyclic waterflooding, so the swept area is small, the
cumulative oil production is low. The streamline deviation
takes effect gradually with the increase in injection time interval,
which results in the increase in swept area and the increase in
cumulative oil production. When the injection time interval
increase beyond 0.5 T, oil near the wellbore is displaced to the
shut-in well row, which weakens the waterflooding effect of the
shut-in well row and ultimately reduces the cumulative oil
production. For the asynchronous mode, the degree to which
the asynchronous mode affects the performance of asynchro-
nous cyclic waterflooding can be concluded as follows: W, >
Wys > Wy For the asynchronous mode of the long side well
row, because of the short distance between adjacent well rows,
streamline interference occurs early, which weakens the
streamline deviation effect, thus decreasing the swept area and
reducing the cumulative oil production. Conversely, streamline
interference occurs late for the asynchronous mode of the short
side well row, which enhances the streamline deviation effect
and increases the cumulative oil production. Besides, for the
asynchronous mode of the diagonal well row, there are
streamline deviations in the both short and long sides of the
horizontal—vertical well pattern, which further increases the
swept area. Therefore, the scheme with the asynchronous mode
of the diagonal well row achieves the best production
performance. The study in this section indicates that the
optimal asynchronous mode and injection time interval are the
asynchronous mode of the diagonal well row and 0.5T,
respectively.

4.2.Injection and Shut-In Time. The injection and shut-in
time have a significant influence on the redistribution of oil and
water between the high and low permeability areas, thus
affecting the production performance of asynchronous cyclic
waterflooding. The optimal injection time and shut-in time

Table 2. Schemes with Different Asynchronous Modes and Injection Time Intervals

matrix characterization of injection wells in the five-spot well pattern
Wit Wi, Wi
Wy Wy Wag
Wiy Wiy Wig

asynchronous mode

start time of injection in the nth cycle

[t + (- DT t+ (n=1T t,+ (=T
Wiy t+t+(m—-1)T t,+t+(n—-1DT t,+t+(n—-1)T
t,+ (n—1T t+(n—-1T t.+ (n—1T

[+ (- DT t,+t+(n—-1T t,+ (n— 1T

W t+m-—1DT t+t+n-1T t,+(n-1T

t+m-1DT t+t+m—-1T t,+(n—-1)T

t+(n-1T t+t+m—1DT t,+(n—-1)T
Wap t+t+(m—-1T t,+ (- 1T t+t+(n—-1)T
[t + (n = DT t+t+m—-1DT t,+(n—-1)T

https://doi.org/10.1021/acsomega.2c00097
ACS Omega 2022, 7, 11226—-11239


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

24000

Cumulative oil production, m?

23000
22000
21000
20000

a=0.25T b=0.5T

#Wae mWys oWy «Wyp

¢=0.75T

The injection time interval

Figure 3. Cumulative oil production of horizontal wells with different asynchronous modes and injection time intervals.

12600

12400

5 12200

Cumulative oil production,m?
_- = e
—_ —_ —_ (%]
B (=) x® (=3
f=3 (=3 [=3 (=3
(=] (=] (=] (=}

11200
11000
10800 L L L L
70 80 90 10 110

Time,day

Figure 4. Horizontal well production performance of asynchronous cyclic waterflooding with different injection times and shut-in times.

should not only ensure the time needed for oil—water
redistribution but also keep a certain pressure level to maintain
the production rate for horizontal wells. Previous studies
indicated that cyclic waterflooding achieves the best production
performance when the injection time is the same as the shut-in
time.** Therefore, to investigate the influence of injection and
shut-in time on the performance of asynchronous cyclic
waterflooding, a series of schemes with different injection and
shut-in times of 70, 80, 90, 100, and 110 days were carried out,
while keeping the injection volume as the same. As shown in
Figure 4, the cumulative oil production at the end of 3000 days
shows a trend of increasing first and then decreasing with the
increase in injection and shut-in time, and the scheme with the
injection and shut-in times of 90 days achieves the best
production performance. The reason is that under the same
injection volume, as the injection and shut-in time increase, the
swept area increases due to the stable displacement front, so the
cumulative oil production gets increased. However, with the
further increase in injection and shut-in time, the streamline
deviation is weakened and the swept area is decreased; thus, the
cumulative oil production gets decreased. Therefore, there will
be an optimal injection and shut-in time for the asynchronous
cyclic waterflooding.

Currently, the injection time and shut-in time are mainly
optimized by numerical simulation method and empirical

method. According to prev10us studies, the injection time can
be calculated using eq 1.** Based on the practical oilfield data of
Chang8 formation in the Fuxian area of Yanchang oilfield, the
injection time (T';) can be determined as 92 days, which is close
to the optimal injection time determined by numerical
simulation results. Hence, eq 1 is suitable for the determination
of injection time.

B chtqﬁ,uo o 1
2K 86,400 (1)

where L is the average distance between the injection well and
the horizontal well, cm; C, is the formation comprehensive
compressibility, 107" MPa™'; K is the area-weighted average
permeability, mD; y, is the underground viscosity of crude oil,
mpa-s; T, is the injection time of the injection well, d; and ¢ is
average porosity of rock, %.

4.3. Injection—Production Ratio. Taking into consider-
ation of the great difference in the formation energy deficit
degree in different horizontal—vertical well patterns, to better
study the impact of the injection—production ratio on the
performance of asynchronous cyclic waterflooding, a series of
schemes with different injection—production ratios and
formation energy deficit degrees have been designed, while
keeping other parameters as the same, as shown in Table 3. In
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Table 3. Simulation Schemes with Different Injection—
Production Ratios and Formation Energy Deficit Degrees

the time of the natural energy

group development stage (day) injection—production ratio
I 1000 (0.85, 0.9, 0.95, 1.0, 1.05, 1.1, 1.15,
1.2,1.25,1.3,1.35,1.4)
II 2000
111 3000
v 4000

well and the production well increases, so the displacement rate
increases, which enhances the streamline deviation effect and
increases the swept area of injected water. Therefore, the
cumulative oil production increases. On the other hand, with the
increase in the injection—production ratio, the pressure
fluctuation amplitude increases during the asynchronous cyclic
waterflooding, which enhances the elastic drive effect and
imbibition effect, so the cumulative oil production got further
increased. However, with the further increase in the injection—

this study, the time of the natural energy development stage is
used to simulate the deficit degree of formation energy. The
cumulative oil production at the end of 3000 days is used to
evaluate the influence of the injection—production ratio on the
performance of asynchronous cyclic waterflooding in different
formation energy deficit degrees.

Figure 5 shows the cumulative oil production of asynchronous
cyclic waterflooding with different deficit degrees of formation
energy and injection—production ratios. From Figure 5, the
short time of the natural energy development stage means the
low formation energy deficit degree and the more remaining
reserve. Therefore, with the decrease in the time of the natural
energy development stage, the cumulative oil production of
asynchronous cyclic waterflooding increases. In addition, the
influence of the injection—production ratio on the performance
of asynchronous cyclic waterflooding in different formation
energy deficit degrees is the same. The cumulative oil
production of asynchronous cyclic waterflooding first rises and
then falls with the increase in the injection—production ratio and
reaches the optimal value when the injection—production ratio
is around 1. On the one hand, with the increase in the injection—
production ratio, the pressure difference between the injection

production ratio, water channeling is easily caused due to the
high-pressure difference between the injection wells and the
production well, resulting in the increases of water cut of the
production well. Moreover, water channeling could weaken the
streamline deviation effect, decrease the swept area of injected
water, thus leading to the decrease in cumulative oil production.
Therefore, the optimal injection—production ratio for asyn-
chronous cyclic waterflooding should be around 1.0.

4.4. Injection Proportion. 4.4.1. Influence of Injection
Proportion on the Performance of Asynchronous Cyclic
Waterflooding. For the inverted five-spot horizontal—vertical
well pattern, all the injection wells are the corner well, and each
row has the same number of wells. Simulation results show that
when the injection proportions of injection wells are the same,
asynchronous cyclic waterflooding achieves the best production
performance. It means the balanced injection mode is most
favorable for asynchronous cyclic waterflooding in the inverted
five-spot horizontal—vertical well pattern. However, there are
corner wells and edge wells in the inverted seven-spot
horizontal—vertical well pattern, so the influence of injection
proportion on the performance of asynchronous cyclic water-
flooding differs from that in the inverted five-spot horizontal—
vertical well pattern. By establishing the inverted seven-spot
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Figure 5. Cumulative oil production of asynchronous cyclic waterflooding at the different injection—production ratios.
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Q21

Figure 6. Reservoir model of the inverted seven-spot horizontal—vertical well pattern.

horizontal—vertical well pattern reservoir model, the influence
of injection proportion on the performance of asynchronous
cyclic waterflooding in the inverted seven-spot horizontal—
vertical well pattern is studied. Based on parameters of the
inverted five-spot horizontal—vertical well pattern reservoir
model, the inverted seven-spot horizontal—vertical well pattern
reservoir model is established, as shown in Figure 6, in which
Q-1 Qi_3 Q,_;, and Q,_j; are corner wells, and Q,_, and Q,_;
are edge wells.

Keeping the sum of injection proportion of injection wells in
the inverted seven-spot horizontal-well pattern as 1, nine
schemes are designed, as shown in Table 4. Those schemes can

Table 4. Schemes with Different Injection Proportions of
Injection Wells in the Inverted Seven-Spot Horizontal—
Vertical Well Pattern

injection
proportion of edge
injection proportion of corner wells wells
scheme Qi-y Qi3 Q- Q-3 Q- Q-
QD-1 1/6 1/6 1/6 1/6 1/6 1/6
QD-2 0.18 0.18 0.18 0.18 0.14 0.14
QD-3 0.13 0.24 0.15 0.2 0.19 0.21
QD-4 0.17 0.17 0.17 0.17 0.16 0.16
QD-§ 0.19 0.14 0.18 0.17 0.13 0.19
QD-6 0.16 0.16 0.16 0.16 0.18 0.18
QD-7 0.18 0.12 0.13 0.21 0.16 0.2
QD-8 0.15 0.15 0.15 0.15 0.2 0.2
QD-9 0.09 0.12 0.19 0.2 0.17 0.23

be divided into three categories according to the injection
proportion of injection wells, which are the scheme of generally
balanced injection proportion (QD-1), the scheme of classified
balanced injection proportion (QD-2, QD-4, QD-6, and QD-8),
and the scheme of casual injection proportion (QD-3, QD-S,
QD-7, and QD-9). Those schemes are simulated while keeping
other parameters the same.

Simulation results are standardized based on the cumulative
oil production of the generally balanced injection scheme (QD-
1), and the final results are shown in Figure 7. It can be seen from
Figure 7 that compared with the generally balanced injection
scheme and the casual injection proportion scheme, the
classified balanced injection scheme (QD-4) achieves the best
production performance. It means the classified balanced
injection scheme is more beneficial to the asynchronous cyclic
waterflooding. From the analysis above, the determination of
injection proportion for asynchronous cyclic waterflooding can
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Figure 7. Cumulative oil production of asynchronous cyclic water-
flooding for different schemes.

be concluded as follows: (1) if two injection wells are both
centrosymmetric and axisymmetric about the horizontal well,
the waterflooding effects of two wells are the same, so the
injection proportions of two wells are the same. On the contrary,
if two injection wells are neither centrosymmetric nor
axisymmetric about the horizontal well, the injection propor-
tions of the two wells are different. (2) The injection proportion
of the corner wells is usually larger than that of the edge wells.
However, there are fewer studies on the injection proportion
optimization of the asynchronous cyclic waterflooding for the
horizontal—vertical well pattern, so the optimization of injection
proportion is particularly studied in this study.

4.4.2. Injection Proportion Optimization. Horizontal—
vertical well patterns are not always regular, which further
increases the difficulty of injection proportion optimization. The
injection proportion is strongly influenced by the injection well
position and the control area of the injection well. Hence, to
optimize the injection proportion of injection wells in the
horizontal—vertical well pattern, the influence of the injection
well position on the horizontal well production performance in
the horizontal—vertical pattern was investigated first. Then, the
control area of the injection well was calculated. Finally, using
the fuzzy comprehensive evaluation method, the injection
proportion of injection wells could be determined.

4.4.2.1. Influence of Injection Well Position on the
Horizontal Well Production Performance. Affected by
fracturing area in horizontal wells, the impact of the injection
well position on the horizontal well production performance in
the horizontal—vertical pattern is nonlinear with the distance
between them. Therefore, to accurately study the influence of
the injection well position on the horizontal well production
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Figure 8. Reservoir model of one-well injection and one-well production horizontal—vertical well pattern.

Table 5. Production Time and Cumulative Qil Production of the Horizontal Well in Different Schemes

3

scheme the production time, d cumulative oil production, m
LX1-1 4430 24164
LX1-11 4160 22,756.62
LX1-21 4080 21,886.51
LX1-31 4050 21,303.44
LX1-41 4090 21,270.68
LX16-1 3800 20,511.72
LX16-11 3110 17,141.04
LX16-21 2590 14,454.75
LX16-31 2130 11,816.99
LX16-41 2000 10,928.94
LX31-1 3390 18,340.27

scheme the production time, d cumulative oil production, m?
LX31-11 2220 12,409.64
LX31-21 1180 7410.5S
LX31-31 610 4646.06
LXS1-1 4420 23,517.91
LXS1-11 3170 17,082.34
LXS1-21 2030 11,404.94
LXS1-31 960 6185.23
LX71-1 5040 26,137.62
LX71-11 3410 18,142.48
LX71-21 2130 11,818.11
LX71-31 970 6232.69

performance and avoid the effect of other injection wells in the
horizontal—vertical well pattern, the reservoir model of one-well
injection and one-well production is established, as shown in
Figure 8. The horizontal well length is 800 m and includes 17
fractures. Besides, other reservoir parameters of the model are
the same as those of the inverted five-spot horizontal—vertical
well pattern reservoir model.

Region A, B, C, and D in the one-well injection and one-well
production model are central symmetry and axial symmetry, so
we just need to investigate the influence of the injection well in
different positions of region A on the horizontal well production
performance. There are 22 relative positions in total in region A,
which can be characterized by matrix I. A series of schemes with
different injection well positions are conducted while keeping
the other parameters the same. Both the production time when
the daily oil production rate decreases to 3 m’/d and the
corresponding cumulative oil production are taken to evaluate
the influence of the injection well position on the horizontal well
production performance.

Ly Loy I

116—1 131—1

11—11 116—11 131—11 151—11 171—11

11—21 116—21 131—21 151—21 171—21

11—31 116—31 131—31 151—31 171—31

Lo Ls-m (2)

Table S shows the production time and cumulative oil
production of the horizontal well in different schemes when the

daily oil production rate decreases to 3 m*/d. From Table S and
matrix I, the cumulative oil production increases with the
increase in the distance between the injection well and the
horizontal well. To intuitively reflect the influence of the
injection well position on the horizontal well production
performance, simulation results are interpolated to obtain the
plane distribution relationship between the injection well
position in region A and the production time and the cumulative
oil production, respectively, as shown in Figure 9.

Because region A, B, C, and D are central symmetry and axial
symmetry, the plane distribution relationship between the
injection well position and the cumulative oil production in the
horizontal—vertical well pattern can be obtained. The
horizontal—vertical well pattern can be separated into three
injection grade regions with spindle shape, as shown in Figure
10. The horizontal well production performance becomes worse
with the increase in injection grades. Moreover, when the
injection well is in the black region of the horizontal—vertical
well pattern, water channeling could be easily caused, so the
production performance of the horizontal well is the worst.

4.4.2.2. Control Area of Injection Wells. The influence of
injection proportion of injection wells on the performance of
asynchronous cyclic waterflooding in the inverted seven-spot
horizontal—vertical well pattern indicates that, even if injection
wells are in the same injection grade region, the performances of
asynchronous cyclic waterflooding varies due to the difference in
the control area of injection wells. Therefore, it is necessary to
investigate the control area of injection wells in different
positions of the horizontal—vertical well pattern. In this section,
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Figure 9. Plane distribution relationship of the (a) injection well position vs production time and the (b) injection well position vs cumulative oil
production.
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Figure 10. Regional division of injection grades in the horizontal—vertical well pattern.

by determining positions in the horizontal—vertical well pattern, time that the injected water flows into a certain position of the
which are controlled by the injection well, the control area of horizontal—vertical well pattern is inversely proportional to the
injection wells can be obtained. Darcy’s law indicates that the permeability between the injection well and the certain position
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Figure 11. Calculation model of the relative transmit time.

and proportional to the distance between them. Therefore,
assuming that injection rates of injection wells in the
horizontal—vertical well pattern are the same and the injection
wells do not interfere with each other, the ratio of the
permeability between the injection well and the certain position
to the distance between them is proposed to calculate the
relative transmit time. By meshing the horizontal—vertical well
pattern and simplifying the main and secondary fracture in the
fracturing area, the calculation model of relative transmit time
between the injection well and each grid is established, as shown
in Figure 11. It can be seen from Figure 11 that the length of the
line between the grid P;_; and the injection well I; in the main
fracture area is L, in the secondary fracture area is L,, and in the
matrix area is L. Therefore, the relative transmit time between
the grid P;_; and the injection well I; can be calculated using eqs 3
and 4

3
ti0 = 2 Lo/K,
o=1

(3)
L = i L
i=1
L,= Z L,
i=1
j .
Ly= Y L}
i=1 4)

where K}, K, and Kj are the permeability in the main fracturing
area, the permeability in the secondary fracturing area, and the
permeability in the matrix area, respectively. m, n, and j represent
the number of the matrix, the number of the main fracturing
area, and the number of the secondary fracturing area on the line
between the grid P,_; and the injection well I;.

The relative transmit time set (£ 1, £(;;2), t(;;)) between the
grid P;_; and different injection wells (I;, L, and I,y can be
calculated using eqs 3 and 4, and the injection well
corresponding to the minimum value of the relative transmit
time is defined as the control injection well of the grid P,_;. Given
the control area continuity of the same injection well, if one grid
is controlled by one injection well, the other injection well

cannot control the other grids through the grid. Based on the
principle, solving results are corrected, and the control area of
each injection well is calculated.

4.4.2.3. Optimization of Injection Proportion. Based on the
study above, the injection proportion of injection wells in the
horizontal—vertical well pattern can be determined by the fuzzy
comprehensive evaluation method.

(1) The determination of index value

From Section 4.4.2.1, the average cumulative oil productions
of the horizontal well when injection wells are in region 1, region
2, and region 3, respectively, are shown in Figure 12.

MRegion 1, m?

1004.04

Region2, m?
3706.51

2268.12

MRegion 3, m?

Figure 12. Average cumulative oil production of the horizontal well
when injection wells are in region 1, region 2, and region 3.

Furthermore, the index value of injection wells in different
injection grade regions (£_y) can be obtained by normalization,
where &gy = 0.5311, &g, = 0.325, and &p;_ = 0.1439. In
addition, the control area index of injection wells (&,_;) is the
ratio of the control area of the injection well to the sum of the
control area of each injection well in the horizontal—vertical well
pattern.

(2) The establishment of fuzzy comprehensive evaluation
model
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The attribute weight of the injection well position is assumed
to be @, and that of the injection well control area is . For the
horizontal—vertical well pattern with n injection wells (I}, L, ...,
I,), the injection proportion of injection wells I, can be
calculated using egs S and 6.

F
&= ab /) Gt e

k=1

()
(6)

To determine the attribute weight, the horizontal—vertical
well pattern of three-well injection and one-well production in
the Fuxian area of Yanchang oilfield is established, as shown in
Figure 13. From Figure 13, the index value of injection wells in

a+p=1

Figure 13. Horizontal—vertical well pattern reservoir model of three-
well injection and one-well production.

different injection grade regions (£z_;) and the index value of
injection well control area (£,_;) can be obtained, respectively,
as shown in Table 6.

Table 6. Optimization Schemes of a and f

scheme a B &) &) 53(13)
1 0.1 0.9 0.12781 0.1315 0.74069
2 0.2 0.8 0.17262 0.153 0.67438
3 0.3 0.7 0.21743 0.1745 0.60807
4 0.4 0.6 0.26224 0.196 0.54176
S 0.5 0.5 0.3070S 0.2175 0.4754S
6 0.6 0.4 0.35186 0.239 0.40914
7 0.7 0.3 0.39667 0.2605 0.34283
8 0.8 0.2 0.44148 0.29652 0.262
9 0.9 0.1 0.48629 0.3035 0.21021
10 1/3 1/3 1/3

Nine schemes are designed with different ¢, ranging from 0.1
to 0.9, the corresponding f can be determined by a + f = 1.
Moreover, a control scheme with the same injection proportion
is added. Schemes are shown in Table 6.

Based on the horizontal well oil production of Scheme 10,
simulation results of the remaining nine schemes are stand-
ardized and shown in Figure 14. From Figure 14, Scheme 8
obtains the best production performance, and the corresponding
attribute weights of @ and f are 0.8 and 0.2, respectively. Besides,
when f# > @, the development effect of schemes is worse than that
of control Scheme 9, which means that the injection well
position has a more significant influence on the horizontal well
production performance of asynchronous cyclic waterflooding
than the control area of injection wells. To verify the accuracy of
the optimal attribute weight (@ = 0.8 and f = 0.2), the injection

11236

proportion of corner wells and edge wells in the inverted seven-
spot horizontal—vertical well pattern, calculated based on the
optimal attribute weight, are compared with those correspond-
ing to the optimal development scheme in Section 4.4.1. The
result shows that the error between the injection proportion of
corner wells and edge wells calculated based on the attribute
weight a = 0.8 and # = 0.2 and those of the optimal development
scheme is less than 5%. Therefore, the optimal attribute weight a
0.8 and f = 0.2 can provide some guidance for the
determination of the injection proportion of injection wells in
the horizontal—vertical well pattern for asynchronous cyclic
waterflooding.

5. OILFIELD TEST

Yanchang oilfield is abundant in tight oil resources, and the tight
reservoir of Chang8 formation in the Fuxian area plays a
significant role in the tight oil resource of Yanchang oilfield.
Huangjialing block in the Fuxian area is located in the southeast
of the Ordos Basin, NW China and presents a gentle western-
leaning monoclinal structure, as shown in Figure 15a, which is
the typical representative of the tight oil reservoir in the Triassic
Yanchang Formation in the Ordos Basin. The average porosity
of Chang8 formation in the Huangjialing block is 7.65%, and the
average permeability is 0.17 mD. To further verify the accuracy
of the parameter optimization for the horizontal—vertical well
pattern, the optimization result was practically applied on the
horizontal well (HP17) in the Huangjialing block (Figure 15b).
HP297-1 is a well row, HP297-2 and HP297-3 are another well
row, the injection time interval is 46 days, and the injection and
shut-in time are both 92 days. In addition, the injection
proportions of H297-1, HP297-2, and HP297-3 are 0.49, 0.21,
and 0.3, respectively, and the injection—production ratio is 1.
After the implementation of asynchronous cyclic waterflooding,
the average daily oil production of HP17 increased from 1.7 to 3
m?, which is close to twice that before the implementation of
asynchronous cyclic waterflooding. Besides, the average water
cut also declined slightly, from 68 to 64.6%. Those proved that
asynchronous cyclic waterflooding can not only increase the
swept area of waterflooding but also reduce the water cut of
horizontal wells to a certain extent, which further verifies the
efficiency of the parameter optimization for the horizontal—
vertical well pattern.

6. CONCLUSIONS

1. The main oil recovery mechanisms of asynchronous cyclic
waterflooding in the horizontal—vertical well pattern are
the pressure disturbance and the streamline deviation,
which can expand the swept area of injected water and
improve the oil recovery of waterflooding.

. The influence of the asynchronous mode on the
performance of asynchronous cyclic waterflooding can
be summarized as follows: Wy > Wyg > Wy > W), and
the optimal asynchronous mode is W,p,. With the increase
in injection time interval and injection—production ratio,
the cumulative oil production increases first and then
declines; the optimal injection time interval is 0.5 T, and
the optimal injection—production ratio is around 1. With
the increase in injection and shut-in time, the cumulative
oil production shows a trend of increasing first and then
decreasing. The optimal injection and shut-in time can be
determined by the empirical formula. The influence of
injection proportion on the performance of asynchronous
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cyclic waterflooding can be concluded as follows: the
scheme of classified balanced injection proportion > the
scheme of generally balanced injection proportion > and
the scheme of casual injection proportion. The classified
balanced injection scheme is more beneficial to
asynchronous cyclic waterflooding.

3. The horizontal—vertical well pattern can be divided into
three spindle-shaped injection grade regions, and the
performance of asynchronous cyclic waterflooding
becomes worse with the increase in the injection grade.
Besides, the control area of injection wells can be
calculated by the calculation model of the relative transmit
time. On this foundation, the injection proportion of
injection wells is ultimately determined by the fuzzy
synthetic evaluation method, in which the optimal weight
values of the injection well position and the control area of
injection wells are 0.8 and 0.2, respectively.

4. Field practices showed that the average daily oil
production after the implementation of asynchronous
cyclic waterflooding was increased from 1.7 to 3.5 m? and
the water cut was reduced to some extent, which not only
verify the efficiency of the optimized parameters but also
highlight the great potential of asynchronous cyclic
waterflooding in enhancing oil production.
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