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Abstract: In this paper, we used a self-developed anisotropic cubic core holder to test anisotropic rela-
tive permeability by the unsteady-states method, and introduced the anisotropic relative permeability
to the traditional numerical simulator. The oil–water two-phase governing equation considering the
anisotropic relative permeability is established, and the difference discretization is carried out. We
formed a new oil–water two-phase numerical simulation method. It is clear that in a heterogeneous
rock with millimeter to centimeter scale laminae, relative permeability is an anisotropic tensor. When
the displacement direction is parallel to the bedding, the residual oil saturation is high and the
displacement efficiency is low. The greater the angle between the displacement direction and the
bedding strike, the lower the residual oil saturation is, the higher the displacement efficiency is,
and the relative permeability curve tends towards a rightward shift. The new simulator showed
that the anisotropic relative permeability not only affects the breakthrough time and sweep range
of water flooding, but also has a significant influence on the overall water cut. The new simulator
is validated with the actual oilfield model. It could describe the law of oil–water seepage in an
anisotropic reservoir, depict the law of remaining oil distribution of a typical fluvial reservoir, and
provide technical support for reasonable injection-production directions.

Keywords: relative permeability; anisotropic; reservoir numerical simulation; heterogeneity; fluvial
sandstone reservoir

1. Introduction

Old oilfields in eastern China have generally entered a dual-high development stage
with high water cut and high recovery degree. The hydrodynamic adjustment of “liquid
flow steering” has achieved good results in improving recovery. Fluid flow steering changes
the flow direction of fluid and makes fluid flow paths more intricate. Fluid seepage laws
thus become complicated. At present, relative permeability is isotropic in traditional
numerical simulations, which cannot accurately calculate residual oil distribution and
cannot describe the deep mechanisms of liquid flow steering.

Relative permeability (the ratio of effective permeability to absolute permeability) is
a basic parameter to study the seepage law of multiphase fluid. There are many factors
affecting relative permeability, among which the heterogeneous pore structure is of vital
importance. It is found that relative permeability will change significantly due to micro-
scopic local pore structure, fluid interaction, and rock–fluid interaction [1–5]. Therefore, the
relative permeability must be different when the pore structure of the reservoir is different.

In the past several years, a number of works have been reported on the directional
characteristics of pore structures. In fluvial sediments, due to long-term erosion and erosion
by water flow, the particles that make up the rock skeleton of the reservoir are often in
irregular ellipsoid shapes. In the process of deposition, the skeleton particles are arranged
directionally with the transport medium, and the direction of the long axis is consistent
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with the direction of the flow, while the direction of the short axis is perpendicular to
the direction of the flow. The compaction in the diagenetic process also strengthens
this directional arrangement, which makes the pore structure directional. Effected by
the sedimentary environment and the inherent properties of the reservoir, including the
original sedimentary bedding, vertical rhythm, and so on, the pore structure will be
obviously different in the plane and vertical, and the fluid flow will have a dominant
migration direction [5–11]. Recent theoretical and experimental studies have revealed that
permeability is anisotropic [12–16]. Since it is the pore throats that govern the percolation
threshold for porous media, permeability anisotropy is the behavior of the anisotropy of
pore structure. In other words, the pore structure anisotropy has been widely observed.

Since Corey and Rathjens found that the relative permeability of bedded rocks is
directional in 1956, research on anisotropic relative permeability has mainly focused on the
following three aspects. Firstly, identification of core scales in the laboratory. It has been
shown that relative permeability is related to the particle size of the rock composition of
bedding structures (namely pore throat structure) and micro fractures. When driven along
the direction of penetrating bedding, the change of rock properties leads to the change
of capillary resistance so that the movement of fluid in this direction is blocked, and the
oil in the core will be blocked, indicating that the relative permeability is directional. The
displacement direction is different, the shape of phase permeability curve is different, the
vertical displacement remaining oil is less, and the displacement efficiency is higher [17–24].
Secondly, discovery in numerical simulation. Some numerical simulation studies used
pore network models to point out that the relative permeability parallel to the bedding
direction is larger than that perpendicular to the bedding direction, and the residual
saturation and relative permeability are sensitive to anisotropic correlation. The higher the
absolute permeability value is, the greater the relative permeability value is, and the relative
permeability is related to pore connectivity and pore inclination angles. The dendritic
nature of gas-cluster topology, especially in the presence of other forces, such as gravity or
strong viscous pressure gradients, clearly suggests that significant anisotropy may exist in
relative permeability due to the balance of forces in the dissolved gas drive process [25–31].
Thirdly, microscopic visual seepage physical simulation. It is indicated that the change
of injection-production angle will break the pressure balance of the original seepage field,
promote the stripping and seepage of all kinds of remaining oil, and make the remaining oil
migrate again, thus changing the microscopic remaining oil type and distribution law. The
essence of this change is that the percolation law of the oil and water phases has changed
due to different pore structures in different displacement directions [32,33]. Numerical
models and physical experiments all prove that like porosity and permeability, relative
permeability is a direction-dependent tensor, not a scalar.

Although the anisotropic characteristics of relative permeability were recognized
earlier, the related studies focused on its embodiment in microscopic displacement experi-
ments, or the demonstration of the characteristics by numerical simulation. In particular,
few studies, to our knowledge, have considered two facts. Firstly, the test of anisotropic
relative permeability. At present, most studies tested the anisotropic relative permeability
curve by drilling cores in different directions. The testing device and the displacement di-
rection is one-dimensional. However, the three-dimensional flow of fluid in the core is not
equal to the simple superposition of three one-dimensional flows. The traditional relative
permeability curve testing device cannot increase or change the displacement direction
and cannot directly test the anisotropic relative permeability curve. It is quite difficult
to test the relative permeability in three directions through one sample, However, the
different test results of the same sample are the most comparable; Secondly, the application
of anisotropic relative permeability in reservoir numerical simulation is very weak. There
is a long way to go to test and apply the anisotropic relative permeability.

In this paper, firstly, the typical fluvial sandstone of the Shihezi fomation outcrop
in Jiyang depression of Bohai Bay basin are used to measure the anisotropic relative
permeability via a self-developed anisotropic cubic core holder; Secondly, we established a
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new simulator considering anisotropic relative permeability and compared the calculation
results between the new simulator and traditional simulator. Finally, we apply the new
simulator to the reservoir numerical simulation of Cheng 4 block in Shengli Oilfield
(the reservoir is a typical fluvial sedimentary environment). The production data show
that the numerical simulation method considering anisotropic relative permeability can
describe the remaining oil distribution more accurately, especially in the situation that the
reservoir has entered the development period of ultra-high water cut. In order to precisely
apply anisotropic relative permeability to typical fluvial reservoir simulation or fractured
reservoir, there is an urgent need for working on the upscaling of anisotropic relative
permeability.

2. Experiments
2.1. Sample Preparation and Experimental Apparatus

In this study, fluvial facies sandstone outcrop from Guantao formation was used in
this study. We can clearly see that the sample has developed plate-like cross-beds, which
are at an angle of 30 degrees with the ground (Figure 1). We define the bedding direction as
the x direction, the y direction orthogonal to x, and the z direction perpendicular to the xy
plane. The water permeability in the three directions of x, y, and z is 37.87 mD, 20.83 mD
and 18.94 mD, respectively, and the porosity is 15.98%. The testing oil is a mixture of crude
oil and diesel with a viscosity of 10 mPa·s at 20 ◦C. The salinity and viscosity of the testing
water are 4000 mg/L and 1.0 mPa·s, respectively. The testing fluids are based on the actual
reservoir oil and water properties in the Shengli Oilfield.
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full-view photo of the cubic core.

The experimental apparatus consists of five different parts: injection control system,
temperature and pressure control system, core holding system, outlet back pressure control
system, and data acquisition system. The schematic representation of the experimental
apparatus is shown in Figure 2.

( 1©—anisotropic cubic core holder; 2©—pressure sensor; 3©—six-way value; 4©- oil–
water separator; 5©—Monitoring camera system; 6©—value; 7©—output liquid collector;

8©—backpressure regulator (BPR); 9©—confining pressure system;
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Figure 2. Schematic representation of the experimental apparatus of the anisotropic relative perme-
ability measurement.

2.2. Experimental Process

(1) Use wire cutting technology to cut outcrop rock samples into 50 mm× 50 mm× 50 mm
cube core;

(2) Wash the oil, water, salt, soil, and other impurities attached to the cubic core, dry, and
weigh the cubic core;

(3) Put the cubic core into a rubber sleeve;
(4) Measure the porosity of the cubic core and test its permeability from three directions

of x, y, and z;
(5) Saturate the cubic core with formation water in three directions;
(6) Measure the absolute permeability of water in three directions;
(7) Displace the water in the cubic core with oil along three directions until the irreducible

water saturation (record the flow data and time at the outlet; open the outlet plunger
and close the inlet; the outlet water cut <0.1%, Additionally, when the number of PV
injected is greater than 10 PV, stop the oil saturation process.)

(8) Measure the effective permeability of the oil phase under irreducible water saturation
in three directions;

(9) Displace the oil in the sample with water along the x direction, inject at a constant
speed, 10 PV (record the flow data and time at the outlet; when the water cut at the
outlet is >99.9%, and the injected PV number is greater than 10 PV, stop the water
flooding process);

(10) Measure the effective permeability of water under residual oil saturation;
(11) Repeat step 7.
(12) Change the inlet and outlet of the core holder to change the displacement direction;
(13) Repeat steps 9–11 until the relative permeability tests in the three directions of x, y,

and z are completed;
(14) Wash, dry, and weigh the sample.
(15) Calculate the relative permeability.

3. Methodology
3.1. Characterization of Anisotropic Relative Permeability

The test process is continuous. After measuring the x direction, the oil is saturated in
the x direction, and then the direction is changed to do the water flooding process, so as to
ensure that the core porous medium and the oil and water conditions are the same in each
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test. The main goal of this research is to observe the difference in residual oil saturation
after water flooding in different directions. Therefore, minor changes in the irreducible
water saturation are ignored.

During the experimental process and numerical simulation research process, we
realized that the relative permeability of the XY, XZ, and YZ directions are also important
to this experiment. Different inlet and outlet combinations could help to test the relative
permeability of the XY, XZ, and YZ directions. For example, if we use the X direction as the
injection end, we can use the Y direction or the Z direction as the production end. However,
the existing JBN calculation method cannot be used to solve the relative permeability curve
of such a combined inject-product method. The automatic history matching method or
other methods need to be proposed to solve the relative permeability curve.

In this experiment, the JBN method was used to solve the relative permeability curve.
The JBN method is based on the Buckley–Leverett one-dimensional two-phase water
flooding front advancement theory, ignoring capillary pressure and gravity, assuming
that the two-phase immiscible fluid is incompressible and the oil–water saturation in
any cross section of the rock sample is uniform. In the process of water flooding, only
when the displacement front breaks through the end, can the relative permeability of the
oil and water phase be calculated. For the entire core, the displacement process has a
breakthrough time, but for the end face, the flow is pure oil phase before the breakthrough.
The saturation in the end face has not changed. After the breakthrough, the process of the
end face water saturation from the irreducible water saturation to the maximum water
saturation is complete. JBN projects the seepage law of the entire core to the end face. It
studies the law of water saturation and oil–water seepage at the end face. The relative
permeability calculated by JBN represents the end face, not the entire core.

There is a marked difference between the relative permeability curves derived from
the x direction, y direction, and vertical displacements. Different residual oil saturations
were obtained for three directions displacements, the residual oil saturation in X direction
is 0.56, the residual oil saturation in Y direction is 0.61, the residual oil saturation in Z
direction is 0.82. The displacement was more efficient in the vertical than other directions.
The greater the angle between the displacement direction and the bedding strike, the lower
the residual oil saturation is, the higher the displacement efficiency is, and the relative
permeability curve tends towards a rightward shift. The displacement efficiency in the
three directions of x, y, and z are 0.664, 0.721, and 0.84, respectively.

3.2. Numerical Simulation with Anisotropic Relative Permeability

According to the experimental results, JBN (calculation of relative permeability from
displacement experiments proposed by Johnson, E.F., Bossler, D.P. and Naumann, V.O.)
method was used to obtain the relative permeability curves in three directions. The
anisotropic relative permeability is applied to the traditional numerical simulator and the
traditional numerical simulator is modified.

In this paper, based on the oil–water two-phase black oil model, the isotropic relative
permeability in the water phase governing equation and the oil phase governing equation
is replaced by the anisotropic relative permeability, and the new oil phase and water phase
motion equations are solved by the finite difference method. There are many numerical
simulation methods, such as the finite difference method, finite element method, etc.
Different solving methods have great influence on the results of fracture–matrix seepage,
different mesh sizes, and poor mesh quality. The stochastic perturbation-based finite
element approach proposed by Kaminski, M. can even treat uncertainty in inflow or wall
boundary conditions, in parameters of the equations, in profile shape, etc. [34]. The model
in this paper is relatively simple, so we chose the traditional finite difference method to
solve the problem. The assumptions of the numerical simulation model established in this
paper are as follows:

(1) There are only two phases, oil and water, in the model.
(2) There is no mass exchange between oil and water.
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(3) The fluid flow seepage follows Darcy’s law.
(4) Rocks and fluids are slightly compressible.

The oil governing equations used in this study are presented in Appendix A, where
the derivation process is discussed.

The fully implicit method is selected to ensure accuracy during the calculation. The
heterogeneity of the reservoir is usually strong, and the fluid properties are also complex
and diverse. In addition, the time span of historical production data is large, and as a result,
the stability and robustness of implicit pressure, explicit saturation (IMPES) implementation
are not enough to meet the requirements of reservoir numerical simulation [35]. The
fully implicit method is very stable and can solve the problems of non-convergence and
computational instability in a heterogeneous model.

4. Numerical Simulation Calculating Results and Discussion

In this study, according to the experimental results, we set up two kinds of numerical
simulation models: homogeneous permeability model and heterogeneous permeability
model. The numerical simulation calculating results obtained from the new simulator
considering anisotropic relative permeability is compared with that from a traditional
numerical simulator (isotropic relative permeability). The basic parameters of the numerical
simulation model are as shown in Table 1, and the relative permeability curve used in the
numerical simulation model is shown in Figure 3.

Table 1. Simulation model parameters.

Grid node 40 × 40 × 1 Dx (m) 10

Dy (m) 10 Dz (m) 10

Top deep (m) 1000 Initial water saturation (f) 0.15

Porosity (f) 0.2 Permeability (10−3 µm2) 50

Water viscosity
(mPa·s) 1 Oil viscosity (mPa·s) 10

Exploit scheme Water flooding Well pattern One injection well and
one production well
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4.1. Effect of Anisotropic Relative Permeability on Pressure Distribution

In order to observe the effect of anisotropic relative permeability on pressure dis-
tribution, we made four cases, which are a homogeneous model with isotropic relative
permeability (Case A), a homogeneous model with anisotropic relative permeability (Case
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B), a heterogeneous model with isotropic relative permeability (Case C), and a heteroge-
neous model with anisotropic relative permeability (Case D). The pressure distribution
results in these four cases are different, and they are very much affected by the hetero-
geneity of the relative permeability curves, which is different from Gomez-Hernandez’s
understanding. He proceeded with a derivation of the algorithm used to condition a
realization of relative permeability to pressure and saturation data, and he observed that
pressures are not very much affected by the heterogeneity of the relative permeability
curves [36].

The results show that the pressure distribution uniformity between the injection well
and the production well and the tangent of the pressure isoline along the diagonal is
perpendicular to the diagonal line in Case A. In Case B, which considers the anisotropic
relative permeability, the pressure propagation mode has changed, and the pressure distri-
bution near the injection well and the production well has shifted in the x direction, and
the relative permeability in the x direction is higher than that in the y direction. As far as
this model is concerned, it seems that the pressure distribution in case A has been twisted
counterclockwise. The pressure propagation of Case C is similar to that of Case B, but there
is still a difference. The pressure propagation of Case D is also similar to that of Case B and
Case C. However, the torsion of pressure distribution is more severe in Case D (Figure 4).

1 
 

  
Case A Case B 

  
Case C Case D 

 
Figure 4. The pressure distribution of the four cases at the 50th time step.

The effective permeability, that is, the product of absolute permeability and relative
permeability, determines the flow capacity of one phase in two-phase flow. It is found
that both anisotropic absolute permeability and anisotropic relative permeability have an
important influence on pressure distribution, and they are not equivalent and cannot be
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replaced each other, especially since the relative permeability is affected by fluid saturation
and at the same time the change of relative permeability is not uniform. Obviously, the
pressure propagation shifts to the direction of high relative permeability after considering
the anisotropic relative permeability.

4.2. Effect of Anisotropic Relative Permeability on Remaining Oil Saturation

In this section, we further study the effect of anisotropic relative permeability on
the remaining oil saturation. It is indicated that the water flooding is uniform and the
remaining oil is symmetrically distributed along the injection-production wells diagonal
line in Case A. The remaining oil of Case A is mainly located near the two sides of the
production well and is most enriched at both ends of the diagonal line perpendicular to the
injection–production line. The water flooding process obviously shifts to the x direction in
Case B, with less remaining oil in the x direction and more remaining oil in the y direction,
which is consistent with the experimental results. The result of Case C is not similar to that
of Case B. Though the permeability in the x direction is large, there is more remaining oil
in the x direction. Case D is the superposition of Case B and Case C, and the process of
water flooding obviously shifts in the x direction (Figure 5).
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Figure 5. The remaining oil saturation distribution of the four cases at the 50th time step.

The area swept by injection water obviously shifts to the x direction in Case B because
the relative permeability in the x direction is greater than that in the y direction. With regard
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to the phenomenon of Case C, we need to review the pressure distribution characteristics
of Case C. Since the pressure at both the injection well and the production well propagates
preferentially in the x direction, the injected water flows in the x direction first, and the
production well also gives priority to producing oil in the x direction. Therefore, the
process of water flooding does not seem to shift blindly to the x direction, but there is an
equilibrium point on the injection–production line.

Before the equilibrium point, there is more remaining oil in the y direction, and after
the equilibrium point, there is less remaining oil in the y direction. Here, we notice that
case B and Case C have similar pressure propagation patterns, and the reason why there is
such a big difference in remaining oil saturation is the relative permeability is affected by
saturation. The relative permeability in the x direction is larger in Case B, the injected water
is rapidly transferred near the production well, and the rapid increase in water saturation
makes the flow capacity of water exceed that of oil. As a result, although the relative
permeability in the x direction is larger, the movement ability of water in the y direction is
higher than that of the oil in the x direction. Therefore, the remaining oil saturation of Case
B occurs. However, the evolution of remaining oil saturation of Case C is different from
that of Case B because it uses isotropic relative permeability and the absolute permeability
is not affected by saturation. From the above analysis, it is not difficult to infer that the
influence and mechanism of anisotropic relative permeability and absolute permeability
on oil–water two-phase flow are different.

4.3. Effect of Anisotropic Relative Permeability on Water Cut

It is shown that Case A is the first to produce water, followed by Case C, Case B, and
Case D, respectively. The reason for the difference can be made clear by comparing the
corresponding remaining oil saturation. The flooding process of Case A is uniform, and
it is the first to produce water. Most of the remaining oil distributes on both sides of the
injection–production line near the production well. The sweep range of Case C is larger
than that of Case A, so the time the model begins to produce water is later than in Case
A. The flooding degree along the x direction in Case B is higher than Case C, as a result,
Case B produces water later than Case C. Case D is affected by both anisotropic relative
permeability and absolute permeability, and the degree of water flooding in x direction is
the highest so it is the last to see water. However, although the time at which it sees the
water is late, once there is a breakthrough, the later the breakthrough, the faster the water
cut rises, and the higher the final water cut is (Figure 6).
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It can be seen from the water cut curves that when the water cut exceed 0.75, the
difference between the water cut curves of the four cases is very small, and there is
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little difference in saturation. However, when the water cut is less than 0.75, there are
obvious differences in breakthrough time and the rising speed of water cut. Because of the
homogeneity or heterogeneity of the model itself and the relative permeability isotropy or
anisotropy, the movement direction and velocity of the displacement fronts of reservoir
are sensitive from the beginning of displacement, as described in Section 4.2. Due to the
simplicity of the model and well pattern, after breakthrough, the injected water continues
to spread to the unused remaining oil area, and the remaining oil is gradually produced.
When the water cut reaches a certain value, the difference in saturation and water cut of
the four cases gradually decreases.

4.4. Sensitivity of the Measured Anisotropic Relative Permeability Data on the Simulation Model

We tested the relative permeability in three directions, and we call the relative perme-
ability curve in the x direction obtained by the experiment No. 1, the relative permeability
curve in the y direction No. 2, and the relative permeability curve in the z direction No. 3.
No. 1 and No. 2 relative permeability (the smallest difference), No. 1 and No. 3 relative
permeability (the biggest difference), and No. 2 and No. 3 relative permeability (large
difference) are applied in the homogeneous model x, y, and z direction, respectively (for
the convenience of the description later, we named these three cases low difference, high
difference, mid difference). Then, we studied the effect of the difference in anisotropic on
the results of the numerical simulation.

The water cut of low difference shows the injected water breakthrough first (waterless
oil recovery period is the shortest) with a breakthrough time of 6.3× 104 days, the water cut
rises fastest, the final water cut is the highest, and the daily oil production drops the earliest.
The breakthrough time of high difference is later than that of low difference, which is
6.9 × 104 days. The final water cut of high difference case is the lowest. The breakthrough
time of mid difference is the latest, which is 7.5 × 104 days. After the breakthrough, the
water cut rises rapidly, and at 8.8 × 104 days, the water cut exceeds that of high difference,
and the water cut is 68.24%. Accordingly, the daily oil production of high difference
decreased earlier than that of mid difference, but the daily oil production of high difference
exceeded both at 8.8 × 104 days (Figure 7).
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According to the characteristics of the relative permeability curve, the difference of
the relative permeability curve between low difference x and y is the smallest, and the
difference of residual oil saturation is only 5%. Therefore, the injected water advances
uniformly in the x and y direction and breaks through fastest. The difference between the
relative permeability curve of high difference x and y is the biggest, and the difference
in residual oil saturation is 26%. The displacement efficiency of injected water in the
y direction is higher, so the path of injected water to the production well shifts in the
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y direction, and the path becomes farther, so the breakthrough time is later than low
difference. The relative permeability curves of mid difference x and y are quite different,
and the difference of residual oil saturation is 21%, but the displacement efficiency in both
directions is high, so the injected water breakthrough is the latest. It is precisely because
of the high displacement efficiency of mid difference in both directions, once the injected
water breaks through, the remaining oil is the least, and the water cut increases rapidly.
After the injected water of high difference breakthrough, there is more remaining oil in the
x direction, with the continuous increase in injected pv, this part of the remaining oil is
gradually drained, resulting in a smaller increase in water cut than the other two cases.

4.5. Actual Model

In this section, we further verify the accuracy of the application of anisotropic relative
permeability by comparing the actual production data of the C4N well area in Shengli
Oilfield. This well area is a typical fluvial facies sedimentary environment, which belongs
to a medium–high permeability reservoir.

In order to apply the anisotropic relative permeability to the actual model more accu-
rately, we carried out a paleomagnetic orientation on the experimental samples (Figure 8).
We separated the stable magnetization direction through the high precision magnetometer
system in the laboratory and determined the geographic north pole direction of the core.
In the paleomagnetic test, the x direction is used as the marking direction. The paleogeo-
graphic magnetic declination angle and magnetic inclination angle of the Y direction of the
sample are 63.1◦ and −0.9◦, respectively. Two precision parameters K and T95 (the higher
the K value, the higher the precision, the smaller the T95, the more reliable the result) are
usually used to measure the reliability spectrum degree of the Fisher distribution or the
average observation direction of the pole [37–40]. The K value of this paleomagnetic test is
18.7 and T95 is 9.4, which has high reliability (Table 2).
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Table 2. The results of characteristic remnant magnetization measurements.

Sample Number Magnetic
Declination (◦)

Magnetic
Inclination (◦) T95 R K

1 58.1 4.4 8.94 3.03 5.78

2 82.1 −6 5.53 4.24 9.52

Average results of Fisher
statistical vector 63.1 −0.9 9.4 1.82 18.7

After that, we established a three-dimensional geological model according to the
characteristics of the C4N well area, and the grid system was generated with the north by
west 63.1 degrees as the X axis. The C4N well area is in the middle and high water cut
stage, when deploying infill wells, and the remaining oil drilling potential will refer to the
calculation results of reservoir numerical simulation. We often encounter the deployment
of wells in places with high remaining oil saturation, and the drilling and production effect
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is not necessarily good. In fact, this is due to the inaccurate characterization of remaining
oil distribution.

Figures 9 and 10 show the current distribution of remaining oil saturation calculated by
traditional relative permeability and anisotropic relative permeability in the Cheng 4 South
well area, respectively, as of 1 November 2019. There is a significant difference in remaining
oil saturation between the two numerical simulation results. The numerical simulation
results considering anisotropic relative permeability show that the sweep range of water is
larger and the displacement efficiency in the Y direction (perpendicular to the river flow
direction) is higher. There is also a great difference in the average remaining oil saturation
obtained by the two algorithms. For example, the average remaining oil saturation of well
C13-21 obtained by the numerical simulation algorithm considering anisotropic relative
permeability is significantly higher than that of the traditional algorithm. This also explains
why well C13-21 has a longer stable production period than other production wells, and
the current water cut can still be maintained at 53.7% (Figure 11).
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Here, we count the first production of producers since 2017. The statistical results
are shown in Table 3. Column 5 in Table 3 shows the average production for the first
three months. Column 4 in Table 2 shows the average water cut for the first three months.
By comparing the results, it can be seen that the numerical simulation algorithm consid-
ering anisotropic relative permeability is close to reality. Particularly in the C14-31 and
C18-42 wells, when the water cut of these two wells exceeded 98%, though measures
of partition were taken, the production effect was still poor and the water cut remained
high. The reason is that the traditional numerical simulation results show that there is still
some remaining oil in these two wells, but the numerical simulation results considering
anisotropic relative permeability show that the contribution of remaining oil considered



Energies 2021, 14, 4731 13 of 18

by the former is actually very small and has been swept in the process of water flooding
(Figures 12 and 13).
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Table 3. The first production of deployed production wells since 2017.

Well Name Production
Date Permeability Water Cut

(%)

Average
Production in the

First Three
Months (m3/day)

Average
Remaining Oil
Saturation of
Traditional
Simulator

Average
Remaining Oil
Saturation of

New Simulator

C18-3 May 2017 378 53 17.56 0.50 0.49
C19-4 June 2017 523 64.5 13.74 0.59 0.60
C12-1 September 2017 505 48.6 20.53 0.47 0.52

C18-42 April 2018 296 70.4 9.72 0.51 0.37
C16-5 August 2018 448 12.3 22.00 0.57 0.61

C14-31 November 2018 627 63.1 14.70 0.54 0.44
C12.42 April 2019 464 56.7 16.50 0.50 0.47
C13-2 July 2019 838 66.2 13.30 0.44 0.39
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Figure 12. Cross section of remaining oil saturation of well C14-31 (the upper left one and the lower
left one are the remaining oil profiles calculated by the numerical simulation method considering
anisotropic relative permeability, and the upper right one and lower right one are the results of a
traditional simulation).
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Figure 13. Cross section of remaining oil saturation of well C18-42 (the upper left one and the lower
left one are the remaining oil profiles calculated by the numerical simulation method considering
anisotropic relative permeability, and the upper right one and lower right one are the results of a
traditional simulation).

The coincidence rate between the remaining oil saturation calculated by the traditional
relative permeability and the initial production of the oil well is 62.5%, and the coincidence
rate between the remaining oil saturation calculated by the anisotropic relative permeability
and the initial production of the oil well is 87.5%, which is 25% higher (Table 3). Obviously,
the remaining oil saturation calculated by anisotropic relative permeability shows better
agreement with the actual situation and can describe the oil–water movement law more
accurately.

We compared the change in water cut in the Cheng 4 South well area during the pro-
duction process. Compared with the water cut calculated by the traditional numerical sim-
ulation method, the historical water cut shows a better agreement with that obtained by the
numerical simulation algorithm considering anisotropic relative permeability (Figure 14).
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5. Conclusions

In this paper, the anisotropic relative permeability of typical fluvial sandstone is
studied using a self-developed anisotropic cubic core holder by unsteady-states relative
permeability experiments. A new numerical simulator considering anisotropic relative
permeability is established. The effect of anisotropic relative permeability in the flooding
process is analyzed by the new simulator. An actual fluvial facies reservoir of Shengli
Oilfield in China is selected as an example to validate the new simulator.

(1) In a heterogeneous rock with millimeter to centimeter scale laminae, relative perme-
ability has directional characteristics. The greater the angle between the displacement
direction and the bedding strike, the lower the residual oil saturation is, the higher
the displacement efficiency is, and the relative permeability curve tends towards a
rightward shift.

(2) Under the condition of anisotropic relative permeability, the pressure propagates
more easily in the direction of higher relative permeability, and the fluid saturation
changes more in the corresponding direction. The water free oil production period is
longer than the calculation results of traditional numerical simulation.

(3) The new simulator shows excellent agreement with the actual oil field data. The
coincidence rate between the remaining oil saturation calculated by the new simulator
and the initial production of the oil well is 87.5%, which is 25% higher than that of a
traditional simulator.

(4) Our work should provide important insights into the importance of anisotropic
relative permeability and the application of numerical simulations in actual oil field
production predictions.
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Nomenclature

µw water vicosity
vw injection velocity
ρo oil density
ρw water density
fw water cut
λw water mobility
λo oil mobility
A cross-sectional area
qt total volume flow of oil phase and water phase
kro oil relative permeability
krw water relative permeability
γo oil unit weight
γw water unit weight
K absolute permeability tensor
µo oil viscosity
Po oil phase pressure
Pw water phase pressure
D depth
ϕ porosity
∆xi x-direction grid length
∆yi y-direction grid length
∆zi z-direction grid length
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So oil phase saturation
Sw water phase saturation
Vijk volume of the bulk
Krlanisotropic anisotropic relative permeability tensor

Appendix A. The Oil Governing Equations

Oil phase:

∇ ·
[ kkroanisotropicρo

µo
(∇po − γo∇D)

]
− qo =

∂

∂t
(ρoφSo) (A1)

Water phase:

∇ ·
[ kkrwanisotropicρw

µw
(∇pw − γw∇D)

]
− qw =

∂

∂t
(ρwφSw) (A2)

where: γo = ρog; γw = ρwg, Kroanisotropic is the oil phase relative permeability, K is the
absolute permeability tensor, µo, po, and γo are the viscosity, pressure, and specific gravity
of the oil phase, respectively, Krwanisotropic is the water phase relative permeability, µw, pw,
and γw are the viscosity, pressure, and specific gravity of the water phase, respectively, D
is the depth, and φ is the porosity.

The results of the experiments in this paper showed that the relative permeability of
oil and water is affected by the anisotropy of pore structure. In this paper, the krlanisotropic in
the above formula is written into three relative permeability expressions that vary with
different directions when dealing with the anisotropic relative permeability, namely krox,
kroy, and kroz. After the replacement here, the traditional isotropic relative permeability is
replaced by the anisotropic relative permeability.

Taking the oil phase as an example, the governing equation is expanded initially into
a rectangular coordinate component as follows.

∂
∂x [

ρo ·k
µo
· krox(

∂po
∂x − γo

∂D
∂x )] +

∂
∂y [

ρo ·k
µo
· kroy(

∂po
∂y − γo

∂D
∂y )]

+ ∂
∂z [

ρo ·k
µo
· kroz(

∂po
∂z − γo

∂D
∂z )] + qo =

∂(φρoSo)
∂t

(A3)

For (i,j,k,n + 1) point, the subscript in the following expression is in an abbreviated
form:

ρo ·k·krox
∆xi ·µo

[(
pn+1

i+1 −pn+1
i

∆x
i+ 1

2

− γoi+ 1
2

Di+1−Di
∆x

i+ 1
2

) + (
pn+1

i−1 −pn+1
i

∆x
i− 1

2

− γoi− 1
2

Di−1−Di
∆x

i− 1
2

)]

+
ρo ·k·kroy
∆yj ·µo

[(
pn+1

j+1 −pn+1
j

∆y
j+ 1

2

− γoj+ 1
2

Dj+1−Dj
∆y

j+ 1
2

) + (
pn+1

j−1 −pn+1
j

∆x
j− 1

2

− γoj− 1
2

Dj−1−Dj
∆x

j− 1
2

)]

+ ρo ·k·kroz
∆zk ·µo

[(
pn+1

k+1−pn+1
k

∆z
k+ 1

2

− γok+ 1
2

Dk+1−Dk
∆z

k+ 1
2

) + (
pn+1

k−1−pn+1
k

∆z
k− 1

2

− γok− 1
2

Dk−1−Dk
∆z

k− 1
2

)]

+qn+1
o = 1

∆t [(φρoSo)
n+1 − (φρoSo)

n]

(A4)

Multiply both sides by Vijk = ∆xi∆yj∆zk and define the following conductivity:

TXoianisotropic+ 1
2
=

Vijk
∆xi

ρo ·k
µo ·krox

∆x
i+ 1

2

=
∆yj∆zk
∆x

i+ 1
2

ρo ·k
µo
· krox, TXoianisotropic− 1

2
=

Vijk
∆xi

ρo ·k
µo ·krox

∆x
i− 1

2

=
∆yj∆zk
∆x

i− 1
2

ρo ·k
µo
· krox

TYojanisotropic+ 1
2
=

Vijk
∆yj

ρo ·k
µo ·kroy

∆y
j+ 1

2

= ∆xi∆zk
∆y

j+ 1
2

ρo ·k
µo
· kroy, TYojanisotropic− 1

2
=

Vijk
∆yj

ρo ·k
µo ·kroy

∆y
j− 1

2

= ∆xi∆zk
∆y

j− 1
2

ρo ·k
µo
· kroy

TZokanisotropic+ 1
2
=

Vijk
∆zk

ρo ·k
µo ·kroz

∆z
k+ 1

2

=
∆xi∆yj
∆z

k+ 1
2

ρo ·k
µo
· kroz, TZokanisotropic− 1

2
=

Vijk
∆zk

ρo ·k
µo ·kroz

∆z
i− 1

2

=
∆xi∆yj
∆z

i− 1
2

ρo ·k
µo
· kroz

(A5)

The second-order difference operator is defined as follows:
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∆xTXoanisotropic∆xP = TXoianisotropic+ 1

2
(pi+1 − pi) + TXoianisotropic− 1

2
(pi−1 − pi)

∆yTYoanisotropic∆yP = TYojanisotropic+ 1
2
(pj+1 − pj) + TYojanisotropic− 1

2
(pj−1 − pj)

∆zTZoanisotropic∆zP = TZokanisotropic+ 1
2
(pk+1 − pk) + TZokanisotropic− 1

2
(pk−1 − pk)

(A6)

The oil phase governing equation is discretized as a sample in this section, which is
shown as follows:

∆xTXoanisotropic∆xPn+1 + ∆yTYoanisotropic∆yPn+1 + ∆zTZoanisotropic∆zPn+1 − ∆xTXoanisotropicγog∆xD

−∆yTYoanisotropicγog∆yD− ∆zTZoanisotropicγog∆zD + qn+1
o Vijk =

Vijk
∆t [(φρoSo)

n+1 − (φρoSo)
n]

(A7)

Then, the formula above can be further simplified as follows:

∆To anisotropic ∆Pn+1 − ∆Toanisotropic
∆D + qn+1

o Vijk =
Vijk

∆t
[(φρoSo)

n+1 − (φρoSo)
n] (A8)

The governing equation of the water phase is expressed with the same format. So far,
the anisotropic relative permeability is introduced into the traditional numerical simulation
method by dealing with the relative permeability in the traditional oil and water phase
governing equation.
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