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Abstract: Long-term development of fluvial reservoirs causes regular changes in the microscopic
pore-throat structure, physical properties and phase permeability curves of the reservoirs, and the
evolution history of different oil layer varies. These effects can be explored using a four-dimensional
(4D) model of the maturing field. The logging curves of 89 sand bodies of the Nanpu No. 2 structure
in the Bohai Bay Basin were restored to the non-water flooded state based on the changing status of
water flooding layers at different stages and levels, and an original geological model was established
by combining data for the old wells. The time-varying relationship was incorporated in the dynamic
model with surface flux as the variable, and the numerical simulation analysis was conducted based
on the reservoir time-varying characteristics. The results showed that 1© the logging data of the
water-flooded layer significantly affected the simulation results of the geological model and can
only be used for the establishment of the initial geological model after repositioning of time and
space; 2© the time variation of reservoir properties and relative permeability markedly affected the
simulation results of the remaining oil. Reservoir parameters and fluid properties simulated by the
4D model were consistent with the data of water flooded layers in new wells during different periods;
3© the novel method significantly improved the fitting rate of the dynamic model, and the model was

used to quantitatively describe the morphology of dominant seepage channels and reservoir variation
parameters. The novel idea of ‘retreat as progress’ and ‘bring in to solve’ achieved the solution of the
dynamic and static parameters of the 4D model according to each time step of space-time evolution.
The results provide a guide for comprehensive adjustment and evaluation of Nanpu Oilfield for
52 well-times with an oil increase of 1.68 × 104 tons for the different stages.

Keywords: fluvial facies; maturing field; four-dimension; modeling and numerical simulation;
integration; water flooded layer

1. Introduction

Water flooding, polymer flooding, and compound flooding cause complex changes in
the microstructure and macroscopic physical properties of a reservoir after the long-term
development process of oil reservoirs. These factors affect the distribution of remaining
oil and the preparation of the further development plan. Several studies have reported
construction of a 4D geological attribute model, and the time-varying numerical simulation
of the reservoir has been conducted [1–3]. Peng and Zhang et al. integrated the coring,
logging, and experimental test data of different development stages obtained between 2004
to 2005, and established different three-dimensional geological models or reservoirs [4,5].
Yan et al. (2010) used the mathematical evolution model of reservoir parameters with the
degree of water flooding to establish a 4D reservoir model based on reservoir development
performance [6]. Yao et al. (2013) established water-flooding geological models based on
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water-flooded logging data obtained at different periods [7]. Liu et al. (2011) transformed
the traditional black oil model based on experimental data and established a continuous
mathematical evolution model [8]. Jiang (2016) and Cui et al. (2021) conducted dynamic
model research on permeability and phase permeability curve based on surface flux [9] and
performed numerical simulation of polymer flooding based on reservoir physical properties
and time-varying characteristics [10]. These studies indicate use of 4D characterization
for geological physical property field and reservoir property field and provide a basis for
reservoir development. Previous findings indicate that the inter-well physical properties
and water flooding degree of the reservoir during the process of constructing the 4D
model in stages are affected by the depositional environment and the development history,
which leads to different flooding times and degrees in different layers of the same well.
Therefore, the information of the flooded layer of the infilling wells in the maturing field
only reflects the current flooding status, and it can neither be simplified or normalized to
the status of the same period nor be used as the basis for establishing a model of a certain
development stage. The approach of fitting various parameters of the reservoir to the
time-varying dynamics using algorithms, such as neural networks and fuzzy mathematics,
emphasizes the internal correlation of static and dynamic parameters, and the well pattern
should be relatively regular. The same type of reservoirs of multi-layer production can
have significant differences in usage status due to small differences in reservoir quality
or formation pressure, and the results may exhibit multiple solutions due to the multiple
factors that affect the process and the large amount of data in the maturing field with high
heterogeneity and complex development history. The time-varying numerical simulation
method based on the reservoir uses a mathematical model to effectively couple the static
and dynamic parameters and has accurate predictive ability. However, this method ignores
the effect of the water-flooded layer data of maturing fields with time-varying effects
at different periods in the model. Modeling based on the combination of mature and
new well data can lead to incorrect model attribute fields. Currently, researchers are
exploring methods to combine the basic well pattern and infilling wells at different periods
to construct a 4D dynamic model of the maturing fields, which is a challenge in enhancing
oilfield development. Moreover, it is imperative to establish reproducible and general
technical ideas and methods suitable for reservoirs with high heterogeneity and an irregular
well pattern.

2. Geological Characteristics of the Study Area

The Nanpu Oilfield is part of the Nanpu concave of the BHW Basin in China. The
shallow layer of the Nanpu No. 2 structure is located in the middle of Nanpu Oilfield, which
is a buried-hill draping anticline with complex faults. The reservoir is a layered lithologic-
structural reservoir, characterized by braided river and meandering river deposits. The
reservoir mainly comprises fine sand and siltstone. The cementation type in the area was
primarily porous cementation, the interstitial material was mainly kaolinite, and the pore
type was dominantly intergranular pores. The porosity ranged from 12.1% to 35.2%, with an
average porosity of 27.3%. The area had 0.5–860.8× 10−3 µm2 permeability, with an average
of 331.4× 10−3 µm2, implying that it is a high-porosity and high-permeability reservoir. The
sedimentary rhythm was mainly compound rhythm and the reservoir variation coefficient
was 0.92–1.06, indicating significant heterogeneity. The density of underground crude oil
was 0.78 g/cm3 and the viscosity of crude oil was 2.7 mPa·s, indicating that it belongs
to the conventional thin oil reservoirs. The reservoir was developed in 2007. The rolling
development stage was between 2008 and 2010, the encryption adjustment stage ranged
from 2013–2014, and the comprehensive management stage was from 2015–2020. Analysis
showed medium- and high-water content in July 2020. Seismic data, well data (horizontal +
directional well), and reservoir dynamic data were combined to conduct in-depth analysis
of channel sand bodies with dense well patterns in the study area to improve the research
accuracy of the available oil and flow field from the perspective of modeling and digital
model integration in the maturing field. The scale, geometry and sedimentary microfacies
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of fluvial facies sand bodies were extensively characterized (channel width-thickness ratio
was 40:1 to 78:1 and the aspect ratio of the beach bar was about 2.6:1). Subsequently,
macroscopic and microscopic methods were used to explore the causes and rules of the
logging parameters of the water-flooded layers in new wells at different stages, providing
a basis for the establishment of the 4D model.

3. The Novel Idea for 4D Model Research

Reservoirs in continental basins have relatively high heterogeneity. Differences in the
time and degree of water flooding in the reservoir plane, between layers and within layers,
are observed owing to the impact of factors such structures and faults. The time-varying
characteristics of different reservoirs in the various development stages are distinct. For
instance, it varies in stable production and liquid extraction stages, and water flooding,
profile control, and displacement stages also exhibit differences. It is a continuous and
regular dynamic process. These findings indicate that modeling and numerical modeling
should be integrated when designing 4D models. Therefore, a novel research idea was
proposed from the perspective of integration. A new method of combining data for the
basic well pattern, infilling wells, and passing wells at different periods to establish a 4D
model of the maturing field was explored. Establishment of the initial fine geological
model was extensively integrated with the working concepts based on the time-varying
numerical simulation of the reservoir. Previous studies report a complete technical process
of designing a 4D model of the maturing field. The process mainly comprises three parts.
The first part is the geological modeling concept of ‘retreat to advance’. The main method
used was integration of the basic production and establishment of wells, the infilling wells,
and the passing wells of shallow reservoirs in the No. 2 structure of Nanpu Oilfield to
explore the evolution characteristics of significant static physical parameters including
water flooding degree and physical characteristics based on the guidance of dynamic
analysis results and indoor experimental data. In addition, the changing rules of the
reservoir parameters of the water-flooded layer at each stage were summarized. The
reservoir was restored to the unflooded state according to specific rules and principles.
The geological model of the initial state was then established by combining the structure
and reservoir data of new and old wells. The second part is the numerical simulation
concept of ‘substitute solution’. The main method was to consider the water flow of
each grid node as an independent variable, obtain the surface flux at each time step,
write a program, and substitute the functional relationship between the surface flux and
the reservoir time-varying characteristics into the equation of the dynamic model. The
numerical simulation research based on the reservoir time-varying effects was then carried
out, and the geological and physical property model of each time step were obtained.
The results were then substituted into the dynamic equation to determine the relevant
parameters of the reservoir, for continuous tracing and recovery of the development process.
Quality control inspection should be conducted based on the comparison and analysis of
the model physical property evolution and the logging curve of the water-flooded layer.
In addition, quality control analysis of the production performance comparison should be
performed to improve the accuracy of the model. The third part is characterization of the
4D dominant seepage channel and qualitative and quantitative analysis of the remaining
oil based on the dynamic model. A flow chart of design and analysis of the reservoir using
the 4D model is shown in Figure 1. Novel ideas and methods for 4D model research are
presented in this study.
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Figure 1. Integration method and process of 4D modeling for a natural water flooding reservoir in
the maturing field.

4. Case Studies and Applications
4.1. Time-Varying Characteristics of Reservoirs at Different Development Stages

The development process of the research area was divided into two stages based
on the actual situation. The first stage is the stable production stage from 2007 to 2018,
and the other stage comprises the liquid extraction stages between 2019 and 2020. The
experimental data of the two cores during the stable production stage showed that the
functional relationship between the increase in reservoir permeability and the true surface
flux was an exponential relationship (Figure 2). The permeability of central bar microfacies
rapidly increased by 2.2–2.4 fold when the surface flux was 100–400 m3/m2, and the perme-
ability of channel microfacies rapidly increased by 1.8–2.0 fold. These parameters gradually
plateaued after this stage. This effect can be attributed to a decrease in the content of
kaolinite, a clay mineral in the reservoir, from 67.8–69.9% to 62.6% (experimental data of 25
samples) due to long-term water flooding. Moreover, the space between particles increased
and the permeability and porosity significantly increased. The data of 89 water-flooded
layers of 56 infilling adjustment wells and passing wells were chosen as sample points, and
13 sets of sand body data for 26 layers of pair wells were selected for comparative analysis.

The results showed the porosity of the stable production stage increased by 6–15% and
the permeability increased by 20.2–210% after the oil layer was flooded (Table 1). Different
sublayers exhibited different changes in physical properties after flooding. NP23-X17,
NP23-X47, and NP23-X45 in Figure 3 are pair wells that were under production in 2007,
2013, and 2019, respectively. In the early stage, the permeability of II6-1 sand body increased
from 185 × 10−3 µm2 (NP23-X17 well) to 265.6 × 10−3 µm2 (NP23-X47 well) due to edge
water intrusion. The permeability increased to 360.6 × 10−3 µm2 (NP23-X45 well) after
long-term flushing. The II6-2 sand body exhibited poor production due to unperforated
and interlayers. The NP23-X17 well and NP23-X45 well did not show significant change,
but an increase from 254× 10−3 µm2 (NP23-X17 well) to 456.6× 10−3 µm2 (NP23-X45 well)
was observed at the later stage. The comparative analysis results showed that although the
permeability of the two single sand layers increased, the evolution rule of permeability was
affected by lithology, microfacies, physical properties, perforation location, development
history, and the evolution history and rules were different. The original porosity of the II13
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sublayer was 25.4%, and 27.4% porosity was observed after flooding, which was a 7.8%
increase in porosity. The original permeability was 303 × 10−3 µm2, and the permeability
after flooding was 481 × 10−3 µm2, indicating a 58.4% increase.

Moreover, the results showed that the porosity-permeability could significantly in-
crease after liquid extraction or large liquid extraction. For instance, the original permeabil-
ity of the III2 sublayer was 356 × 10−3 µm2, whereas the permeability after flooding was
486 × 10−3 µm2. The permeability of the strongly flooded layer after liquid extraction was
698 × 10−3 µm2.

Processes 2023, 11, x FOR PEER REVIEW 5 of 18 
 

 

was affected by lithology, microfacies, physical properties, perforation location, 
development history, and the evolution history and rules were different. The original 
porosity of the II13 sublayer was 25.4%, and 27.4% porosity was observed after flooding, 
which was a 7.8% increase in porosity. The original permeability was 303 × 10−3 μm2, and 
the permeability after flooding was 481 × 10−3 μm2, indicating a 58.4% increase. 

Moreover, the results showed that the porosity-permeability could significantly 
increase after liquid extraction or large liquid extraction. For instance, the original 
permeability of the III2 sublayer was 356 × 10−3 μm2, whereas the permeability after 
flooding was 486 × 10−3 μm2. The permeability of the strongly flooded layer after liquid 
extraction was 698 × 10−3 μm2. 

 
Figure 2. The relationship between permeability and surface flux-based core experimental data over 
time. 

Table 1. Porosity and permeability of different sublayers before and after water flooding. 

Sublayer No. 
Intrinsic  
Porosity 

[%] 

Porosity after 
Water Flooding 

[%] 

Porosity  
Increasing  
Multiple 

Intrinsic  
Permeability 

[×10−3 μm2] 

Permeability  
after Water 
Flooding 

[×10−3 μm2] 

Permeability 
Increasing  
Multiple 

Ⅱ5 24.2 26.9 1.11 256.2 458.2 1.79 
Ⅱ6 24.1 27.1 1.12 228.4 402.6 1.76 
Ⅱ13 25.4 27.4 1.08 303.6 481.8 1.59 
Ⅲ2 25.8 28.2 1.09 356.6 698.2 1.96 

  

Figure 2. The relationship between permeability and surface flux-based core experimental data over time.

Table 1. Porosity and permeability of different sublayers before and after water flooding.

Sublayer No.
Intrinsic
Porosity

[%]

Porosity after
Water Flooding

[%]

Porosity
Increasing
Multiple

Intrinsic
Permeability
[×10−3 µm2]

Permeability
after Water
Flooding

[×10−3 µm2]

Permeability
Increasing
Multiple

II5 24.2 26.9 1.11 256.2 458.2 1.79
II6 24.1 27.1 1.12 228.4 402.6 1.76

II13 25.4 27.4 1.08 303.6 481.8 1.59
III2 25.8 28.2 1.09 356.6 698.2 1.96
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4.2. Recovery of the Logging Curve in a Water-Flooded Zone

Logging curve recovery of a water-flooded layer was defined as the process of re-
covering the permeability and porosity of the water-flooded layer in each period to the
state before water flooding according to the water-flooding rule based on the logging
interpretation and dynamic analysis. The purpose was to establish an original geological
static model by simulation of the data for new and old wells. The theoretical basis of
this simulation was that there was a significant regularity in time variation of the reser-
voir in each development stage [11–13]. This step comprised combining data for the new
wells to the original starting point, ensuring that all new well information is utilized in
the establishment of the initial geological model. The reservoir time varying effects and
the dynamic variation of the reservoir were also classified into the research scope of the
dynamic model to alleviate the problem of normalizing the spatiotemporal information of
the water-flooded layer. Evaluation of the water-flooded layer in the study area was based
on the logging curve, supplemented by the reservoir dynamic analysis. Interpretation
of key physical parameters, such as permeability and porosity, was primarily based on
cores. Quantitative interpretation models for different lithologies of different oil groups
were subsequently established, and a comparative analysis was conducted under the same
standard conditions. Recovery of the log curve of the water-flooded zone was divided into
two steps.

The first step was to establish qualitative and quantitative relationships between the
stages and levels of flooding [14–16]. The relationship between the porosity and permeabil-
ity of the 26 water-flooded layers in 13 pairs of wells was separately established according
to the two development stages of 2007–2018 and 2019–2020 (as shown in Figure 4). Sub-
sequently, the well points of the water-flooded layer were divided into two categories
according to the dynamic analysis and the characterization conclusion of the dominant
seepage channel. The two categories included the dominant seepage channel (strongly
flooded) and flanks of the dominant channel (medium and weakly flooded). The relation-
ship between various flooding functions is shown in Table 2. The first function on the
permeability change relationship in the case of strong flooding during the liquid extraction
stage was Y = 132.35e0.0007X. The second function for the high flooded permeability during
the stable water flooding stage was Y = 73.9e0.0022X. The permeability variation function
for the medium water-flooding permeability was Y = 68.9e0.0035X.
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Table 2. The relationship between water-flooded layer porosity and permeability recovery.

Development
Stage

Horizontal
Position of

Water Flooding

Type of
Microfacies

Layer
Number

Thickness of
Sand Oil

Layer
[m]

Average
Thickness of

Water
Flooding

[m]

Logging Analysis Porosity
Recovery

Permeability
Recovery

2019–2020
Above the
dominant
channel

River
channel;

Central bar;
Concave

flood plain

12 6.5 4.3 Strong water
flooding Y = 18.5e0.0094X Y =

132.3e0.0007X

2007–2018

Above the
dominant
channel

River
channel;

Central bar;
Concave

flood plain

14 7.6 4.2 High water flooding Y = 16.6e0.014X Y = 73.9e0.0022X

Flanks of the
dominant
channel

38 6.8 4.3 Medium water
flooding Y = 14.2e0.0201X Y = 68.9e0.0035X

25 7.2 3.5 Weak water flooding - -

The second step was to establish a recovery curve based on the quantitative relation-
ship of well pairs and layer pairs. The plane distribution of dominant seepage channels
in the study area was modulated by multiple factors, such as provenance direction, mi-
crofacies characteristics, reservoir heterogeneity, well pattern, structure, and water energy.
The vertical distribution was affected by factors such as reservoir rhythm, lithology, body
overlapping relationship, interlayer distribution, perforation location, development history,
and development characteristics. Therefore, it was imperative to consider the basis as
logging evaluation, the dynamic analysis conclusion of a single sand layer as the unit, and
combine the distribution characteristics of dominant seepage channels, the degree of water
flooding, the location of water flooding, and the relationship between new drilling and
dominant seepage channels. Different recovery curves for the permeability and porosity of
the water-flooded layer were established. The study area was divided into weak flooding,
moderate flooding, high flooding, and strong flooding according to the level of flooding.
The criteria were as follows:

(1) The permeability of the strong water-flooded layer above the dominant seepage
channel was recovered using Equation (1).

(2) The water-flooding degree of the seepage channel side wells should be checked,
according to the characteristics of the logging curve and the comprehensive analysis
of adjacent wells, to determine whether to conduct recovery or not. Equation (3)
denotes the recovery relationship for the permeability of the medium water-flooded
layer.

(3) The flooded part in the layer should be recovered, and the non-flooded part should
not be recovered, as shown in the No. 33 layer of well NP23-2647 in Figure 5.

(4) Recovery of the top of the positive rhythm channels sand body depends on the water
flooding status and degree. The No. 43 layer of well NP23-2646 was presented as a
water-flooded layer (Figure 5). However, static and dynamic comprehensive analysis
indicated that the top of the well was not flooded due to poor physical properties and
low resistivity. Thus, the top of the well was not recovered.

It is imperative to accurately conduct the verification of the flooding degree during
the entire analysis and recovery process based on dynamic analysis. Different situations
should be treated differently, and the following four aspects should be considered during
the process.

(1) The distribution of reservoir physical properties at different base levels and different
locations was considered vertically based on the geological reservoir characteristics.
Different quantitative recovery relationships should be established for the different
oil groups according to the oil group division results obtained using the logging
interpretation model.

(2) A quantitative recovery relationship can be established by classifying different sedi-
mentary microfacies to improve the recovery accuracy if the logging data is abundant.
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(3) It is necessary to consider the differences between different dominant seepage chan-
nels, distinguish primary and secondary, and strong and weak channels according to
their effect on the distribution of the remaining oil in the reservoir, and explore the
relationship between well points and locations of dominant seepage channel in the
water-flooded layer.

(4) The logging facies, lithology, and rhythm characteristics of the reservoir should be
considered, and the water-flooded status of different parts of the same sublayer should
be comprehensively evaluated. The difference between the reduction of resistivity
curve caused by the thinning of lithology in the middle and upper part of fluvial
facies reservoir and the reduction of resistivity after water flooding should also be
determined. Details on the composite rhythm logging curve of the superimposed
sand body should be highlighted. Different parts of the same sublayer should be
considered in sections.

Poor correlation and large differences in sample points may be encountered when
establishing a quantitative relationship for the first time. Therefore, the process should
be repeated, correlated, iterated, and optimized several times, which is a rough-to-fine
process.
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4.3. Initial Construction of the Fine Geological Model

The concept of facies-controlled geological modelling was applied for the present
study area. The sequential Gaussian method [17,18] was used to establish the initial fine
geological model of permeability and porosity. Comparison of the calculated results of the
permeability of the geological model before and after the recovery of the water-flooded
layer curve showed significant difference between the two (Figure 6). The difference in
the location of the flooded wells was attributed to the increase in the permeability level of
the flooded wells. A significant difference was observed between the wells, mainly due to
the influence of the large size of the water-flooded layer area, resulting in changes in the
distribution of model geostatistical sample points. The model interpolates and predicts
data between wells using an algorithm, resulting in differences in the calculation results
of the model between wells. The results showed that effective adjustment of infilling and
passing wells is associated with richer water-flooded layer data. Moreover, this leads to a
significant difference between the results of the ‘retreat as the advance’ modeling concept
and the traditional modeling results of the old differentiation stage, which is close to the
practical situation. The water-flooded layer data were used as the basis for quality control
to evaluate the rationality of the geological model after the reservoir time-varying effects
and reservoir variation were classified into the category of numerical simulation. This
method circumvents the multi-solution and uncertainty between wells caused by several
dynamic factors in the staged modeling concept.
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Figure 6. (a) Before Recovery. (b) After Recovery. Comparison of permeability calculation results
obtained using the geological model before and after recovery of the II6 small water-flooded layer
curve.

The initial fine geological model of the shallow fluvial facies in Nanpu 2–3 block was
jointly established using data from old and new wells (Figure 7), which showed that the
similarity of reservoir properties within the same microfacies and the differences between
different microfacies reflects changes in vertical and horizontal reservoir properties. Phase-
controlled simulation of the physical parameters, such as shale content, porosity, and
permeability of a single sand layer, indicated that the lateral connectivity of sand bodies in
the cycle dominated by the ascending hemicycle changed from good at the bottom to poor
at the top. The physical properties of the developed branching river based on the end of
the base level cycle, the central bar and side bar on the plane were better compared with
the channel microfacies. The model results are closer to the geological conditions.
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the shallow reservoir in the No. 2 structure of Nanpu Oilfield.

4.4. Numerical Simulations Based on Time-Varying Characteristics of the Reservoir

Several methods have been established to improve the accuracy of numerical simu-
lation history matching [19,20]. The numerical simulation technology based on reservoir
time-varying characteristics has been utilized for more than 10 years [21–24]. The function
for the mathematical model was developed from the relationship between the physical
properties and the multiple of water passing to the relationship between the physical
properties and the surface flux. In this study, the concept of ‘bringing in and solving’ was
adopted to circumvent the limitation of the time-varying effect in the numerical simulation
of reservoirs. The functional relationship between the surface flux in the study area and
the physical parameters of the reservoir was obtained through laboratory experiments (see
Equation (1)). Subsequently, the functional relationship among the water flow Qi, Qj, Qk in
the three directions of the known quantity grid in the mathematical model, the size of the
model grid (dx, dy and dz) and the surface flux (see Equation (2)) was established. The
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permeability for each time step of the model was then presented as the aerial flux as a func-
tion of the original permeability k(M) and krP(M). Equations (1) and (2) were substituted
into the conservation Equation (3) in the model. A mathematical model with continuous
calculation that can introduce the time-varying law of the reservoir was established using
the tNavigator20.4 software platform. The other definite solution conditions and auxiliary
equations were not changed. The specific equations are presented below:

K(M) = 0.336ln(M)− 0.3656 (1)

M =
Qi

dydz
+

Qj

dxdz
+

Qk
dxdy

(2)

∂

∂t
(φNc) = div ∑

P=O,W,G
xc,Pξp

(
k(M)

krP M
µP

(∇PP − γP∇D)

)
+ qc (3)

where, φ represents the porosity, %; xc,P denotes the number of moles of component c
per mole of p-phase; ξp indicates the molar density of p-phase under standard conditions,
kg/m3; k(M) represents absolute permeability, µm2; krP(M) indicates the relative perme-
ability of p-phase with surface flux as independent variable, µm2;∇PP denotes the pressure
difference of the p-phase, MPa; γP represents the vertical pressure gradient of the p-phase,
MPa/m; D indicates the vertical depth, m; Qi, Qj and Qk represent the cumulative water
flow in three directions of the grid, m3; dx, dy and dz denote the dimensions of the grid in
three directions, m. The porosity solution for each time step in the model was similar to
the permeability and is not presented. The time-varying phase permeability curve was a
key element of the reservoir time-varying characteristics. An increase in aerial flux was
associated with regular shifts in the relative permeability of oil and water. Multiple sets
of phase permeability data under different plane fluxes were obtained through the experi-
mental data. The experimental data for the study area showed (Table 3) that the irreducible
water saturation of the phase permeability curve increased, whereas the isotonic point
and residual oil saturation slightly decreased. The permeation curve data under different
surface fluxes of each grid node were numbered during the process of numerical simulation,
and then the program was written. The corresponding relative permeability curve data
was uploaded through the data change of the grid surface flux and were substituted into
the dynamic model for calculation of each time step; the dynamic model parameters under
the time-varying phase permeability curve were obtained.

Table 3. Time-varying data table of key points of the phase permeability curve under different surface
flux conditions (experimental data).

Relative
Permeability

Curve

Surface Flux
[m3/m2]

Irreducible
Water

[%]

Isotonic Point
[%]

Residual Oil
[%]

SCAL0 0 0.346 0.612 0.222
SCAL1 200 ≤M < 300 0.362 0.601 0.202
SCAL2 300 ≤M < 400 0.373 0.592 0.190
SCAL3 400 ≤M 0.381 0.586 0.178

4.5. Quality Control Based on Monitoring and Dynamic Data

Quality control analysis based on new drilling logging data and dynamic data is
important in 4D model research. Firstly, the macroscopic law of model reservoir time-
varying effects should be analyzed. The evolution process of the permeability model
profile of the II6 sublayer passing through the dominant seepage channel after model
history matching (Figure 8) showed that the permeability of the middle and lower parts
of the positive rhythm reservoir gradually increased with increase in water flow, and a
dominant seepage channel was formed at the final stage. The flooding status of the model
effectively reflected the effect of the interlayer on the propulsion of the water body. The
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internal heterogeneity of the reservoir was accurately represented by the effect of geological
model changes. Secondly, the measured physical parameters of the water-flooded layer
of the new well were used as the quality control data, and the results of each stage of the
prediction model were compared and analyzed to determine the accuracy and reliability of
the geological model and dynamic model to accurately reproduce the changes in reservoir
characteristics in the final stage. For example, oil wells 23–68 and 22–03 were flooded in
the dynamic model and the calculated results were 452 × 10−3 µm2 and 468 × 10−3 µm2,
and the logging interpretation of the two wells were 426 × 10−3 µm2 and 482 × 10−3 µm2,
implying that the two were basically the same.
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Figure 8. Profile of the evolution process of the water-flooded permeability dynamic model of the
small layer II6 through the well.

A cross-plot of permeability data of 37 practical water-flooded layer logging data and
numerical simulation dynamic model well point data was generated (Figure 9). The linear
relationship between the two was clear; the correlation coefficient was 0.8849, indicating
a high correlation. The results showed that the dynamic model accurately simulated the
actual reservoir water-out variation law. Some sample points may present a large deviation
between the results obtained using the dynamic model and the log interpretation results
based on the actual water-flooded layer. The effect of a few abnormal sample points on the
geological model should not be ignored. The reasons for the inconsistency are mainly due
to the logging interpretation conclusion; the positional relationship between the well point
and the dominant seepage channel, lithology, logging facies, and water-flooded position
in the layer should be explored to determine whether the relevant conclusions should be
optimized, refined, and adjusted. The dynamic production status was thus used as the
quality control data to evaluate the accuracy of the model. Comparative analysis of the
residual oil predicted using the model before and after introduction of the time-varying
model showed that the model with time-varying thick oil layer introduced significant
edge water fingering than the model without the time-varying layer, but the residual
oil of the stagnant type was still enriched in the structural waist. This result indicates a
significant difference before and after the time-varying of the thin oil layer. The actual
oil well production status and the status before and after introduction of the model were
explored.
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Figure 9. Relationship between permeability of the water flooded layer in the newly drilled wells
and permeability after time-varying of the dynamic model.

4.6. Characterization of Dominant Seepage Channel and Remaining Oil Distribution

Qualitative and quantitative characterization of dominant seepage channels using
dynamic models was conducted. The specific parameters of the shallow dominant seepage
channel in Nanpu 2−3 area were defined as reservoirs with a water-passage ratio more
than 80-fold, 50% increase in permeability, and 10% increase in porosity. The results on
the increase in physical properties predicted using the dynamic model (Figure 10) showed
that the edge-water reservoirs were mainly distributed in long strips after edge-water
intrusion, characterized by flakes. Each sublayer exhibited 2 to 6, and a total of 19 dominant
seepage channels were developed, with a width of 20 to 210 m. The width of heavy oil
reservoirs was smaller than that of thin oil reservoirs, which was mainly attributed to the
oil-water viscosity ratio, and the permeability increased by 1.5–2.1-fold. The study area
was a faulted anticline structure, which was caused by several factors such as development
history and sedimentary microfacies distribution. The results showed that there were
generally more than four water inflow directions in a single-layer edge-water reservoir
(Figure 10a,b) The formation and distribution directions of each dominant seepage channel
were different, with independent distribution and were locally connected into pieces. The
physical properties of beach-bar sand bodies were better than channel microfacies, thus
there were more dominant seepage channels in the former than in the latter. The dominant
seepage channels after bottom water coning in the bottom water reservoirs were mainly
distributed at the liquid extraction well points, which were mainly ‘conical’ in the vertical
direction, supplemented by flakes. A total of 12 cone-shaped dominant seepage channels
with a cone diameter of 45–125 m were developed. The results indicated a significant
correlation between the water bodies due to the small well spacing between the dominant
channels of the water cone in the bottom water reservoir (Figure 10c,d). The scale of the
water cone at the production oil wells in the middle and high parts of the structure was
relatively large, and the scale of the water cone was relatively small in the low part of the
structure due to the combined effect of the edge and bottom water.
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The four-dimensional modeling and digital-analog integration was performed to
obtain a practical and more accurate geological static field to explore the evolution process
and status of the remaining oil distribution (Figure 11). The results of the model without
the time-varying data showed that wells 26−47 and 21−04 were both in the remaining
oil-enriched area (Figure 11a,b). In October 2016, 518 cubic meters of fluid was drained from
the third layer of well III2 in well 21−04, and no oil was observed. Well 26−47 produced
176 tons of crude oil and 994 tons of water after refilling, indicating that the results from
the four-dimensional model were consistent with the actual situation. Analysis of the
distribution of the remaining oil in the main sublayer showed that the characteristics of
the remaining oil in heavy oil and thin oil reservoirs were different. The water invasion
width of sublayer III 1©5 in the heavy oil reservoir in the medium to high water cut stage
was narrow. The remaining oil was mainly enriched in the root of the fault, the middle
and upper part of the oil layer, and the retention area between wells, mainly in sheets and
supplemented by strips. The residual oil of the stagnant type II6 sublayer in the thin oil
thick oil layer reservoirs in the high water cut stage was enriched in the structural high part,
the top of the reservoir and the two flanks of the dominant seepage channel. The thin oil
layer III2 sublayer was mainly enriched in the fault root and inter-well stagnation area. The
low parts of the structure were extensively flooded because high amounts of oil swept the
area. The high parts were distributed in sheets and bands and the enrichment areas were
scattered. The main factors that affected distribution of oil in these regions included plane
heterogeneity, fault occlusion, structure, and development history. The sublayer I6 in the
bottom water reservoir mainly enriched the top of the reservoir and the upper and lower
parts of the interlayer. The main factors that affected this distribution were the rhythm in
the reservoir and the distribution of interlayers.
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Figure 11. Distribution of remaining oil in main layers of various types of reservoirs. (a) III2 sublayer
without considering time variation. (b) III2 sublayer considering time variation. (c) II6 sublayer
considering time variation (heavy oil, edge water). (d) III 1©5 sublayer considering time variation
(heavy oil, edge water). (e,f) I6 sublayer (thin oil, bottom water).

4.7. Application of the Model

The results on the 4D geological modeling and digital-analog integration technology
in the shallow maturing field of Nanpu No. 2 shows that the residual oil reserves in the
research area account for 79.9%. The residual remaining oil in the heavy oil reservoirs
accounted for 15.3%, whereas the retentive remaining oil accounted for 84.7%. The residual
remaining oil accounts for 21.2% in conventional thin oil reservoirs, whereas the retentive
oil accounts for 78.8%. A total of 31 dominant seepage channels were described using the
dynamic model and the novel 4D model. The research and establishment of the NgII6
profile control and flooding + huff and puff enhanced oil recovery scheme in Nanpu 2–
1 area and the comprehensive adjustment scheme in Nanpu 2–3 area were carried out
based on the findings from the 4D model. In the former, the characterization results of
the dominant seepage channels of the model were considered when deploying the well
pattern. Plugging wells with two injections and three productions were deployed on the
dominant seepage channels to improve the ability to resist edge water and increase the
swept volume of water flooding. After this implementation, the three oil wells exhibited a
significant oil increase, with a daily oil increase of 4.2 tons per well (Figure 12a), and the
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recovery factor increased by 3.0-fold. The increase in oil recovery rate was achieved based
on the characterization results of the dominant seepage channels and the remaining oil to
conduct subdivision, reorganization, and homing plan of the strata. The effective pattern
deployment in the plan considered the oil wells avoiding the dominant channels and the
medium and the high water-flooded positions, and preferentially selected the areas where
the remaining oil was enriched. This provides a basic well pattern for further control of
flooding to enhance oil recovery. A total of 47 well-times were implemented in the plan,
and the amount of oil increased by 14,700 tons. Efficacy of the main parameters including
hole filling, recovery, liquid extraction, and the huff and puff was 83.2%, which markedly
reduced the comprehensive decline rate of the block (Figure 12b). Comprehensive rating
standard for reservoirs shows that the development level of the oil reservoirs in the study
area was improved from Class II to Class I.
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area. (b) Periodical effect of the comprehensive adjustment solution of the Nanpu District 2–3.

5. Conclusions

Modeling and numerical simulation should be combined in studies on the 4D model-
ing of natural water flooding reservoirs. This allows integration and connection of concepts
to achieve a unified goal. In addition, the combination allows definition of the scope of
modeling and digital modeling under the guidance of the integration concept. A complete
and improved method and process were established for the fine simulation of 4D static
and dynamic fields by relocating the time-space information of the reservoir and fluid,
and combining the information on the time coordinate axis. This method enables in-depth
study of a four-dimensional model of a natural water drive reservoir.

The water flooded layer contains dual information of geological static and reservoir
dynamics, and the logging curve of the water flooded sand body was recovered to the
unflooded state by establishing the quantitative relationship of different stages and dif-
ferent water flooding degrees. In addition, the original geological model was accurately
established by combining the old well data. The new modeling method of ‘retreat to
advance’ allows evaluation of the hidden static information value of the water flooded
layer, and minimizes the effects of production dynamics on the geological model. Moreover,
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it simplifies the research method and process, is consistent with the practical situation, and
reduces the multi-solution of the model.

The approach of incorporating the functional relationships between surface flux and
physical properties, between surface flux and relative permeability, into the dynamic model
solution accurately reflects the variation rule of the reservoir at each stage, and significantly
improved the agreement between the numerical simulation results and use of dynamic
experimental data. This process is reversible and traceable. Data on water flooding at
different levels were used as the quality control data to explore the rationality and accuracy
of the geological and dynamic models, which is important for practical application of the
model. In addition, the dynamic model can effectively and quantitatively simulate the
evolution process, spatial distribution, and various parameters of the dominant seepage
channels, providing a reliable basis for the formulation of a solution to water flooding.
The findings provide a basis for the application of 4D model integration technology in the
maturing field for other studies on the same type of reservoir.
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