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It is important to determine the reasonable injection and production rates in the development of multilayer tight oil reservoir with
water flooding treatment. Based on the INSIM (interconnection-based numeric simulation model), a connected network model, a
new method is designed to evaluate the water injection efficiency of different layers in water flooding reservoirs and to optimize the
injection-production system to produce more oil. Based on the types of sedimentary facies and corresponding injection-production
data, the interwell connections are divided into four major categories (middle channel, channel edge, middle channel bar, and
channel bar edge) and twelve subclasses. This classification standard of interwell connections could help to significantly improve
the accuracy of judging the dominant flow path without constructing a complicated geological model. The interaction of
interwells such as injection-production correlation and water injection efficiency could be revealed by simulating the production
performance and computing the layer dividing coefficient and well dividing coefficient. A numerical example is used to validate
this method by comparing results from FrontSim and this method, and the computational efficiency of this method is several
dozen times faster than that of the traditional numerical simulation. This method is applied to quickly optimize the production
schedule of a tight oil reservoir with the water flooding treatment, that is, the water injection rate of multilayer reservoirs could
be optimized subtly by the injection efficiency of different layers, and the target of producing more oil with lower water cut
could be achieved.

1. Introduction

Waterflooding operations are performed to improve the oil
recovery of reservoirs worldwide [1]. In some oil fields
with many wells and a long production history, the wide
expansion of the injection water and the continuous
changes in the flow field in the layer results in water
channeling and dead oil areas [2, 3]. These problems are
mainly due to two factors. First, the physical properties
of the reservoir are affected by the sedimentary environ-
ment, tectonic movement, and diagenesis; there are
intralayer and interlayer heterogeneities in the reservoir.

Second, unreasonable injection and production systems
have exacerbated the phenomenon of injection water fin-
gering and bottom water coning. Therefore, based on the
existing reservoir development knowledge, it is important
to identify the injection-production correspondence, to
accurately determine the dominant flow path, and to
evaluate the injection efficiency of the injectors [4, 5]. This
forms both the key issue and the basic work to increase
the high economic value oil production and to determine
a reasonable injection-production system [6, 7].

Due to the relatively poor physical properties of tight oil
reservoirs, the following measures were used to optimize
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the development effect currently, including fracturing [8],
asynchronous injection alternating production [9], water
flooding huff-puff of horizontal wells [10], and CO2 huff
and puff of horizontal wells [11]. Flow paths can reflect the
flow behavior of fluid in a period of time, so it is often used
to evaluate the development effect of reservoir under a cer-
tain working system. Commonly used methods for distin-
guishing flow paths include the tracer method, reservoir
numerical simulations [12–14], and data-driven models.
The tracer test incurs significant time to acquire results,
and some operations during the test have a certain impact
on the normal reservoir production. In multilayer water-
flooding reservoir, the capillary forces may have a significant
effect to change the flow pathways [15]. Therefore, although
this method has high accuracy, it is difficult to popularize and
to apply on a large scale in a reservoir. Reservoir numerical
simulation methods are restricted by model accuracy, and it
is difficult to achieve accurate real-time analysis of the entire
reservoir. Data-driven models, as part of a new class of dom-
inant flow path identification methods, do not require com-
plex geological modeling and can determine information
such as fluid flow dynamics and water injection efficiency
through the analysis of the production data. There are cur-
rently two kinds of data-driven models, namely, the CRM
(capacitance-resistive model) and the INSIM (interconnec-
tion-based numeric simulation model). The CRM was first
used by Yousef et al. [16] to determine the connectivity
between wells in 2005. Following that, the model was used
in waterflooding reservoirs [17], large-scale reservoirs [18],
and analysis of the formation damage from injected water
[19]. Zhao et al. [20] proposed the INSIM in 2015. By simpli-
fying the characterization of the reservoir as a network of
interconnected nodes that consider a series of complex geo-
logical features such as wells, water bodies, and faults, an
interwell connection network is established. It is character-
ized by two parameters, connected volume and transmissibil-
ity, to fit the actual production dynamics, to correct the
interwell connection parameters, and to make the model
conform to the actual connectivity of the reservoir. Because
a complex geological modeling process is not considered,
the INSIM and its derived INSIM-FT (interconnection-based
numeric simulation model with front-tracking algorithm)
[21–22] and INSIM-FPT (interconnection-based numeric
simulation model with the flow-path tracking strategy) [23]
reduce the modeling time significantly, while considering
reservoir properties and maintaining the calculation accu-
racy. Based on the distribution of sedimentary facies in each
layer, this study identifies the influence of different sedimen-
tary environments on the interwell connection relationship
of INSIM. The pressure, saturation, and water cut of each
node are solved by the connection parameters corrected by
production data combined with the principle of material bal-
ance. Then, the vertical/plane dividing coefficient and water
injection efficiency of the injector are obtained. Based on this,
the water injection efficiency of each layer is calculated and
combined by the optimization principle to optimize the
injection and production systems [24, 25].

Since the main factors affecting the accuracy of the
water injection efficiency evaluation method are INSIM’s

modeling data and the model’s historical fitting results,
the method has good general applicability to the reservoirs
applicable to INSIM. At present, the INSIM model has
been widely used in sand reservoirs, carbonate reservoirs,
fracture-cavity reservoirs, etc. This method has certain
practical significance for evaluating the water injection
efficiency of these types of reservoirs. Compared with the
traditional reservoir numerical simulation method [26,
27], the calculation speed of the water injection efficiency
is significantly improved. It is of great significance to accu-
rately identify the injection-production correspondence
relationship and increase oil production at a lower cost.

2. Water Injection Efficiency Evaluation
Method and Optimization Theory

2.1. The Calculation of Water Injection Dividing Coefficient
Based on INSIM. The interwell connection unit constructed
by the INSIM model contains two characterization param-
eters: transmissibility and connection volume. Transmissi-
bility represents the flow capacity of formation fluids in
units under unit pressure difference, which is mainly
affected by permeability and fluid properties. Connection
volume reflects the material basis of units, mainly related
to well spacing, effective thickness, and porosity of the
reservoir. After establishing the INSIM (Figure 1), the
material balance equation of the fluid in the connected
unit can be obtained by
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The implicit difference discretization of Equation (1)
can solve the bottom hole pressure of each well, then sat-
uration and water cut of each node in the connected net-
work can be calculated with the saturation-tracking
method. Fitting the actual production data to correct the
connection parameters is conducted to align the produc-
tion result of the model with the actual production. Let
the feature parameter matrix b denote the reservoir con-
nectivity parameter, applying the stochastic perturbation
approximate gradient algorithm (SPSA) to optimize the
objective function OðbÞ causes it to have a minimum
value.

O bð Þ = 1
2 b − brð ÞTG−1

B b − brð Þ + 1
2 kobs − h bð Þ½ �TG−1

D kobs − h bð Þ½ � b ≥ 0ð Þ:
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Using percolation theory and interwell connection
parameters, the production index in the cross-well connec-
tivity unit can be expressed as

Jnijk =
4Tn

ijkλ
n−1
ik

λn−1ijk ln 0:5Lijk/rik
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+ sik − 0:75
� � : ð3Þ
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Combining the bottom hole pressure and the produc-
tion index, the phase mobility in the connected unit is
determined by the upstream weight method:
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Based on the above method, the total production index
of well i can be determined:

Jni = 〠
Nl

k=1
〠
Nw

j=1
Jnijk: ð5Þ

Therefore, the vertical dividing coefficient of well i in
layer k is determined by the ratio of the sum of the pro-
duction index of well i in layer k to the total production
index of well i:
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Meanwhile, the plane dividing the coefficient between
wells i and j is determined by the transmissibility between
the nodes and the pressure difference:
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Compared to the dividing coefficient calculation
method proposed in this study, the reservoir engineering

method does not consider changes in pressure and uses
only the percolation theory to calculate the dividing
coefficient from the well properties.
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2.2. Water Injection Efficiency Calculation and
Optimization. After clarifying the dividing coefficient in
each layer, the layered water injection efficiency of the
injectors can be solved further, that is, the ratio of the
amount of oil displaced by the injector to the surrounding
producers in this layer and the water injection amount of
this layer. The ratio of the total oil production of layer k
to the total water injection of layer k is the average water
injection efficiency of layer k and is expressed as
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After obtaining the water injection efficiency of each
well in this layer, it should be compared with the average
water injection efficiency of this layer to determine the liq-
uid volume adjustment measures. When the water injec-
tion efficiency is higher than the average, the injection is
increased; otherwise, the injection is reduced, and the liq-
uid volume of each well in this layer is determined by
Equations (12) and (13).

qn+1ik = qnik 1 + ηið Þ, ð12Þ

Transmissibility: T
ijk

P1 P2

P4 P3

W1

Connection volume: V
ijk

Figure 1: A sketch map of the INSIM in a multilayer reservoir.
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In Equation (13), ηmax and ηmin are assigned to the
values of -0.5 and 0.5, respectively. Because the fractional
part value is less than or equal to 1, it means that the liq-
uid volume adjustment range for the next time step will
not be greater than 50% of the liquid volume in the previ-
ous time step. As the injection volume of the reservoir will
not change significantly in a short time, to keep the injec-
tion volume of the entire reservoir constant, it is necessary
to adjust the injection volume of each layer according to
Equation (14). The well water injection volume is equal
to the sum of the injection volume of each layer, as shown
in Equation (15).
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After determining the liquid volume adjustment of the
injectors, assuming that the reservoir injection-production
ratio in the optimization stage is constant, the liquid vol-
ume adjustment of the production well is calculated from
the injection volume and the dividing coefficient, as shown
in Equation (16).
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3. The Conceptual Model

A two-layer model including five injectors and four pro-
ducers is established to introduce the basic parameters of
the INSIM and the workflow for calculating injection effi-
ciency (IE). The producer-injector spacing is 200m, and the
thickness of each layer is 10m. The range of permeability is
165.0mD in the 1st layer and 171.6mD in the 2nd layer,
while the permeability field is shown in Figure 2. The initial
oil saturation is 0.8. The viscosity of the formation water is
1.0mPa s and the viscosity ratio of oil to water is 20. The daily
water injection rate of each injector is 40m3/d. Before 3000
days, the daily fluid production rate of each producers is
50m3/d. From 3000–6000 days, the working system from
P1 to P4 changes to 80m3/d, 60m3/d, 40m3/d, and
20m3/d, respectively, and the FrontSim streamline field is
shown in Figure 3.

The initial value of the interwell connection parameters
could be calculated from the well property data. Then, using
the reservoir production data combined with the optimiza-
tion theory, the initial value of the interwell connection
parameters is corrected after the fitting indicators meet accu-

racy requirements. The final value of the interwell connection
parameters is shown in Figure 4. The line between the wells
shows the transmissibility of the reservoir; the red line indi-
cates strong connectivity, the blue line indicates the second
strongest connectivity, and the black line indicates weak con-
nectivity. Upon comparing the distribution of strong connec-
tivity with high permeability zones, these were found to be
consistent. It shows that after correction, an INSIM could
accurately characterize the reservoir properties and provide
a reliable basis for calculating the dividing coefficient of injec-
tion water and evaluating the water injection efficiency.

In this study (Equation (6)), the reservoir engineering
method (Equation (8)) and the streamline numerical simula-
tion method are used to calculate the vertical dividing coeffi-
cient of each layer. Figures 5 and 6 show the difference
between the calculation results of the INSIM method and
other methods. From the result shown in Figure 6, the verti-
cal dividing coefficient of the reservoir engineering method
does not change because it does not consider the flow field
change caused by the adjustment of the production system.
However, the dominant seepage channel in the reservoir
forms gradually and stabilizes with the development. Due
to a superior physical property of the first layer in the model,
the vertical dividing coefficient of the first layer gradually
increases during the formation of the dominant seepage
channel. Following the stabilization of the seepage channel,
the vertical dividing coefficient also stabilizes. The method
in this study and the streamline numerical method can reflect
this law accurately.

Meanwhile, Equations (7) and (9) were used to calculate
the plane dividing coefficient of the injection well at 6000 days.
As shown in Figure 7, the plane dividing coefficient obtained
based on this method is basically consistent with the results
based on the streamline simulation, which verifies the reliabil-
ity of this method. The reservoir engineering method cannot
accurately reflect the plane dividing coefficient currently
because it does not consider the changes in the reservoir pro-
duction system. The streamline simulationmethod takes 25.54
seconds for one complete calculation. Compared to this
method, the method in this study takes only 0.74 seconds for
one complete calculation, which is faster by a factor of 35.

The single-well water injection efficiencies and average
water injection efficiencies of the reservoir engineering
method, streamline method, and method of this study are
calculated using Equations (10) and (11), as shown in
Figure 8. According to the reservoir engineering method,
the water injection efficiency of each well is lower than the
other two methods. Due to changes in the flow field, the divi-
sion of injected water in each direction is different periodi-
cally. Some remaining oil is produced by adjusting the
working system, and this volume of oil cannot be calculated
using the reservoir engineering method. The method in this
study solves this problem better by considering the change
in the bottom hole pressure of each well, and the calculation
results are basically consistent with the streamline method.
By using the dividing coefficient and the water injection effi-
ciency of the conceptual model in Equations (12), (13), (14),
(15) and (16), the production system of each well in the
optimization stage is calculated.
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Figure 3: Streamline field in FrontSim.
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Figure 4: Model interwell connectivity field.
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The production system of the original plan and the
adjusted plan were brought into the Eclipse model to pre-
dict the oil production and the water cut of the reservoir
after the implementation of the plan. As shown in
Figure 9, five months after the implementation of the
adjusted plan, the daily oil production of reservoir is
increased, the comprehensive water cut of reservoir is
decreased, and the adjusted plan had an optimized effect
on the overall reservoir development.

4. Practical Applications

4.1. The Characterization of the Interwell Connection and the
Evaluation of the Water Injection Efficiency. For the charac-

terization, the layered water injection efficiency evaluation
method based on the INSIM was applied to a tight oil reser-
voir. The adjustments to the production system proposed in
this method were implemented in the field, which achieved
good development results. This tight oil reservoir is an edge
water reservoir controlled by structural lithology. It has an
oil-bearing area of 9.3 km2 and an effective thickness of
26.3m. The reservoir is divided into upper sandstone sec-
tions and lower conglomerate sections; a separated water-
flooding and comingled producing technology is used
between different rock sections. The average porosity of the
reservoir was 16.9%, the average permeability was 182:27 ×
10−3 μm2, the central reservoir depth was 1650m, and the
geological reserves were 1530:70 × 104 t. Since entering the
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second development stage in 2016, a total of 213 new wells
were deployed, accessing geological reserves of 1105:43 ×
104 t, and the average well spacing was reduced to 150m.
At the end of June 2018, 96 water injection wells and 133
oil wells were opened. The daily liquid production was
2837 t, the daily oil production was 370 t, and the compre-
hensive water cut was 86.9%. The recycle of injection water
is inefficient in such a high water cut reservoir.

After history matching the INSIM (Figure 10), the field
interwell connection obtained by fitting the production
dynamics is shown in Figure 11, in which the red line repre-

sents a strong connectivity, the green line represents the
second strongest connectivity, and the black line represents
weak connectivity.

Based on the sedimentary facies’ types of reservoirs and
the INSIM, an interwell connectivity classification standard
is established, which reflects the similarities and differences
in the various sedimentary facies. The orange area represents
the channel bar, and the light yellow and bright yellow areas
represent the river channels, as shown in Figure 12. Overall,
the connectivity from sandstone to conglomerate in the ver-
tical direction deteriorates, and the permeability decreases. In

First layer Second layer

(a) Streamline simulation method

First layer Second layer

(b) Method in this study

First layer Second layer

(c) Reservoir engineering method

Figure 7: The plane dividing coefficient of injectors in 6000 d.
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the plane, affected by source direction, the interwell connec-
tivity from the southwest to the northeast improves and the
permeability increases.

Combining the interwell connectivity with the sedimen-
tary facies at the well nodes, the distribution pattern of the
characteristics is obtained as shown in Table 1, which divides
the interwell connectivity into four major categories and

twelve subcategories. The four types include the middle chan-
nel, the side of channel, the middle of the channel bar, and the
side of the channel bar. Since the porosity of different sedi-
mentary facies of the same section in this tight oil reservoir
is not much different, the connection volume is mainly
affected by the well spacing, and different types of connection
units cannot be accurately distinguished. Therefore, when
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Table 1: The interwell connection structure pattern.

Categories Types Connection types Structure Transmissibility

Channel

Middle

Strong connection >3

Medium-strength connection 1~ 3

Weak connection

<1

<1

Side

Strong connection >3

Medium-strength connection 1–3

Weak connection <1

Channel bar

Middle

Strong connection

>3

>3

Medium-strength connection 1–3

Weak connection <1

Side

Strong connection >3

Medium-strength connection 1–3

Weak connection <1

Channel-channel bar

Medium-strength connection 1–3

Weak connection <1
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dividing the types of interwell connection units, only choose
the transmissibility and divide it into three types as the criteria
for connectivity classification. The three types of connectivity
classification include Tij > 3, 1 < Tij < 3, and Tij < 1, which,
respectively, indicate strong, medium, and weak connectivity
of the interwell transmissibility based on the proportion of
each subtype in the different types of sedimentary facies. In
the middle channel, the interwell is well connected and
exhibits anisotropy. In the side of the channel, the interwell
has a partial connection, with significant anisotropy. In the
middle of the channel bar, the interwell is connected, and there
is a large difference between the channel bars. In the side of the
channel bar, the interwell is connected in some directions, and
the physical properties are relatively worse.

The sedimentary structure of the middle channel is
shown in Figure 13(a). The middle channel has a thick chan-
nel sediment with good properties. When the two wells are

connected parallel to the source direction, the connectivity
between the wells is good and may develop a dominant seep-
age channel. As shown in Figure 13(b), the sedimentary
period changes quickly to the side of the channel and the sed-
iment thickness of a single period decreases. Correspond-
ingly, the flow barriers between sand bodies are more
developed. Furthermore, the flow barriers cause the proper-
ties of the reservoir to become worse than those of the middle
channel. The interwell connectivity is without change, and
the dominant seepage channel is infrequent. In general, the
connectivity of the parallel source direction is better than that
of the vertical source direction.

As shown in Figure 14(a), the central area of the channel
bar is dominated by parallel interlayers. The parallel inter-
layers of sand bodies between wells in the central area are uni-
formly distributed, with good connectivity in all directions.
Additionally, the dominant seepage channels are developed.

(a) Middle of channel (b) Side of channel

Figure 13: Channel sedimentary structure.
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(a) Middle of the channel bar

Water flow direction

(b) Side of the channel bar

Figure 14: Channel bar sedimentary structure.
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Figure 16: Water injection efficiency of injectors.
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Figure 17: The dividing coefficient diagram of the T1 well group.

Table 2: Tracer test results of the T1 well group.

Injector
Tracer type & inject

date
Tracer
well

Tracer breakthrough
date

Tracer breakthrough time
(day)

Tracer peak concentration
(ng/ml)

Duration
(day)

T1 Er 3/19/2019

P1 4/14/2019 26 148.66 41

P2 5/11/2019 54 126.31 30

P4 5/19/2019 62 97.04 36
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As shown in Figure 14(b), the side of the channel bar is
affected by river erosion. Locally inclined interlayers develop,
which worsen the connectivity between wells. The water injec-
tion has a poor development, and substantial oil remains in
this area. In the parallel source connectivity direction, when
the interlayer distribution is more consistent with the source
direction, the interwell connectivity is better, and the seepage
channel is more developed. When the interlayer distribution
is inconsistent with the source direction, the interwell connec-
tivity is poor. In the vertical source direction connectivity, the
interwell connection becomes poor due to the changes in the
sand body contact relationships and permeability. There is
no obvious dominant seepage channel in this area.

Based on the study of the remaining oil enrichment area
and the connectivity characteristics of each layer, the A2 area
in Figure 15 with higher remaining oil saturation and complex
connection relationship is preferred as the adjustment area for
the water injection efficiency evaluation. The water injection
efficiency of injectors in A2 area is shown in Figure 16.

4.2. The Optimization of the Production System and
Implementation Effect. Targeting the problem of dominant
seepage channels in some directions of the well group in area
A2 that caused the dividing coefficient to be concentrated,
this study combined the automatic optimization method of
the injector and producer working system to form three sets
of adjustment plans.

The first plan is a liquid volume adjustment plan for
water injection volume. Comparing the average water injec-
tion efficiency with the efficiency of different layers in differ-
ent wells, there is an increase in water injection volume in the
higher efficiency layer and conversely, the injection is
reduced. For the connected producers, calculating the change

in injected water volume in each direction according to the
dividing coefficient and summing all as the liquid volume
adjustment of the producers. The second plan is a reservoir
property adjustment plan. The measures include profile
control for inefficient injectors, as well as sealing, backflow,
and well function reassignment for strong connectivity, large
dividing coefficient, high water cut producers.

To ensure accurate and effective measures, the dividing
direction and tracer test data of key well groups were verified.

In Figure 17, the plane dividing coefficient of injector T1
shows that the producers P1 and P2 of the same well group
are the main dividing directions, with 45% and 27% of
injected water diverted on the sandstone section, respec-
tively, and 32% and 42% on the conglomerate section, respec-
tively. Table. 2 shows a good correspondence among the
three wells; the tracer test data from the T1 well group shows
that P1 has the longest sustained dose time (41 days) and the
highest peak tracer concentration (148.66 ng/ml); P2 has a
continuous tracer time of 30 days and the peak tracer con-
centration 126.31 ng/ml; no tracer reaction was seen in P3;
P4 continued to be seen for 36 days, and the peak tracer
concentration was 97.04 ng/ml.

The water injection efficiency of T1 in the sandstone sec-
tion was 0.15, and the water injection efficiency of the con-
glomerate section was 0.07; the water injection efficiency in
the sandstone section was higher than the average water
injection efficiency. The injection volume of T1 in the sand
and conglomerate sections changed to 4.2m3 and 7.5m3,
respectively.

In Figure 18, the horizontal dividing coefficient of T6
shows that the producers, P7 and P8, in the same well group
are the main dividing directions, with 36% and 27% of the
injected water diverted in the sandstone section, and 33%
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Figure 18: Dividing the coefficient diagram of the T6 well group.

Table 3: Tracer test results of the T6 well group.

Injector
Tracer type & inject

date
Tracer
well

Tracer breakthrough
date

Tracer breakthrough time
(day)

Tracer peak concentration
(ng/ml)

Duration
(day)

T6
Gd 3/20/2019

P8 5/9/2019 50 52.4 30

P7 5/17/2019 58 97.01 26

Sm 3/15/2019 P8 4/25/2019 41 82.41 21
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and 54% in the conglomerate section, respectively. The tracer
test data in Table 3 shows a good correspondence among the
three wells. The tracer test data of the T6 well group shows
that P7 lasted 26 days, and the peak tracer concentration
was the highest (97.01 ng/ml). Two kinds of tracers were seen
in P8, and the peak tracer concentrations were 52.4 ng/ml
and 82.41 ng/ml, while no tracer reaction was seen in P5
and P6.

The water injection efficiency of T6 in the sandstone sec-
tion was 0.17, and the water injection efficiency of the con-
glomerate section was 0.13. The water injection efficiency in

both was higher than the average water injection efficiency.
The injection fluid volume of the T6 increased to 5.0m3 in
the sandstone section and increased to 3.5m3 in the
conglomerate section.

After a three-year production simulation of the adjusted
production system in Figure 19 and with comparisons to
the original system, the daily oil production in the field
increased by 15.5%; the cumulative oil production in the field
increased by 4:24 × 104 t; the comprehensive water cut
decreased by 1.39%, and the effect of the adjustment is
obviously shown in Figure 20.

P1 5.6 5.6 5.7 5.8 5.6 6.0 5.8 5.7 5.9
P2 36.1 35.4 35.2 33.7 33.1 33.8 36.2 36.4 35.1
P3 11.1 11.5 11.2 10.1 10.5 10.9 11.3 11.1 11.5
P4 7.5 7.5 7.5 7.4 7.4 7.4 7.4 7.5 7.4
P5 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7
P6 48.5 48.3 49.3 48.4 45.9 46.7 48.5 50.8 48.5
P7 9.7 9.2 9.4 9.2 9.2 9.6 9.8 9.4 9.3
P8 13.5 13.5 13.4 13.5 13.0 13.1 13.4 13.6 13.9
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Figure 19: Adjusted production system.
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5. Conclusion

A layered water-injection efficiency evaluation method based
on INSIM is proposed in this study by accurately adding vir-
tual well points to characterize the actual geological connec-
tivity of glutenite reservoirs and a well-to-well conductivity
of the fitted connectivity model. Combined with the location
of the sedimentary facies at the well point, a classification
standard for interwell connectivity of glutenite was estab-
lished, and the interwell connectivity was divided into four
major categories and twelve subcategories. On this basis, to
determine the injection water splitting quantity, the layered
water injection efficiency of the injection well which is the
basic knowledge to adjust the injection-production schedule
was evaluated.

The method determines the vertical and horizontal water
injection split coefficients by calculating data, such as con-
nectivity parameters, pressure difference, and production
index, and identifies the injection-production correspon-
dence relationship and the effect of water injection. The cal-
culation speed and the calculation result of the water
injection efficiency are more reliable than the reservoir engi-
neering method.

Based on this method, three types of liquid volume adjust-
ment plans were formulated for an actual oilfield: injection-
production structure adjustment, injection-production mea-
surement adjustment, and comprehensive adjustment. It is
predicted that after two years of implementation of the liquid
volume adjustment measures for 20 water injection well
groups in the A2 area, the daily oil production rate in the block
will increase by 15.5%; the cumulative oil production in the
block will increase by 4:24 × 104 t; the comprehensive water
cut will decrease by 1.39%, and the effect of increasing oil
precipitation will be obvious.

Nomenclature

A: Dividing coefficiency
b: Feature parameter matrix
br : Initial estimation of feature parameter matrix
Ct : Total compressibility, MPa–1

e: Water injection efficient
ex: Average water injection efficient
f w: Water cut
GB: Covariance matrix of the model parameters
GD: Initial estimation covariance matrix of the model

parameters
�h: Average interwell reservoir thickness, m
hðbÞ: Initial numerical simulation observation values
J : Production index
K : Layer average permeability, 10-3μm2

�K : Interwell average permeability, 10-3μm2

Kr : Relative permeability, 10-3μm2

kobs: Observation values
L: Well spacing, m
Nl: Number of reservoir layers
NIc: Number of connected injectors
Nw: Number of connected wells
O: Objective function for history matching

p: Flowing bottom hole pressure, MPa
q: Production or injection volume, m3

r: Wellbore radius, m
s: skin factor
Sw: Water saturation
T : Transmissibility, m3/d·MPa-1

V : Pore volume, m3

η: Liquid volume adjustment coefficient
λ: Mobility, 10-3μm2/(mPa·s)
μ: Viscosity, mPa·s

Subscripts

i: Well-node index
ij: Parameters between well i and well j
j: Well-node index
k: Layer index
max: Parameter maximum
min: Parameter minimum
o: Oil phase
w: Water phase

Superscript

N : Timestep.
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